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Abstract 
Trivalent rare earth cations (RE3+) activated nanometre-sized Y2O2S and 
Gd2O2S phosphors were prepared by converting hydroxycarbonate precursor 
powders during a firing process. The precursors were prepared using the urea 
homoprecipitation method. The choice of host crystal and dopant were optimised 
to meet the specific requirements for practical applications in the field of lighting, 
X-ray detection, and displays. Parameters that affect the luminescent properties 
of the resulting phosphors, such as doping concentration, excitation mechanism, 
firing temperature, and host lattice were investigated. 
Tb3+ and Er3+ co-doped Y2O2S and Gd2O2S were studied for their 
upconversion properties under 632.8 nm red laser excitation. The intensities of 
UC emission were affected by both doping concentration and host lattices. Tb3+ 
and Er3+ co-doped Y2O2S was found to show strong downconversion from Tb
3+ 
and upconversion from Er3+. The presence of the Er3+ cations directly affects the 
Tb3+ down-converting properties by acting as centres for energy transfer. The 
possible energy transfer between Gd3+ and Er3+ should be responsible for the 
different trend of Er3+ upconversion intensity in Y2O2S and Gd2O2S. It has been 
established that the Tb3+ and Er3+ co-doped system is superior than the Yb3+ and 
Er3+ co-doped one. In the latter system the presence of Yb3+ reduces the 
efficiency of both upconversion and downconversion emission under red laser 
excitation. These phosphors show potential applications in the security and anti-
fraud field. 
 The novel ZnS:Mn QDs were prepared and successfully incorporated into 
GaN based photonic crystal (PC) holes to efficiently produce white light. The 
crystal structure and luminescent properties of the ZnS:Mn QDs were investigated 
as well as the factors affecting the filling rate. Zn1-xCdxS:Mn QDs were also 
investigated. The addition of Cd cations leads to a red shift in the PL excitation 
spectra of the Zn1-xCdxS:Mn QDs. The crystal structures and surface properties 
were also affected by the presence of Cd. Monodisperse PbS QDs with particle 
size of ~5 nm has been obtained using a similar aqueous reaction method.  
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Chapter 1 An introduction to phosphors and an 
overview of phosphor areas relevant to the 
work described in this thesis 
1.1 Phosphors and luminescence 
Luminescent materials, also known as phosphors, can absorb energy from 
the incident radiation and emit light after a series of energy transfer processes. 
The emissions usually fall into the visible region but also could be invisible, such 
as ultraviolet [1-3] or infrared light [1, 4-8]. Although the last decade has 
witnessed an increasingly extensive research interest and great progress on 
organic phosphors for light emitting diodes (OLED) [9-12], the subject of this 
thesis centres on phosphors that are novel solid inorganic compounds. To meet 
the demands for various applications, phosphors are usually in the form of 
powders with specific requirements on particle size distribution and morphology 
[13]. Usually, larger crystals (4 to 5 μm) of high quality are required [14] since the 
quantum efficiencies are generally higher in crystals than in amorphous hosts [15]. 
Luminescent materials have found wide application in many fields in recent 
years. Major traditional applications include lighting and emissive display devices 
[13, 16-19], amplifiers in optical communication [20, 21] and lasers [2, 22-24]. In 
addition, phosphors also find applications in X-ray detector systems [25-35] and 
scintillators [30, 36-39]. Developments on the phosphors for these novel 
applications are well documented in many reviews and books [18, 36, 37, 40-44]. 
Most recently, phosphors have found applications in new areas such as solar 
cells [45-48] and white-light-emitting LEDs [19, 49-51] due to increasing concern 
on energy efficiency [52].  
Luminescence, the electromagnetic radiation from phosphors with 
appropriate excitation, was first termed  in 1888 by the German physicist Eilhard 
Wiedemann to characterize light emission not originating from a rise in 
temperature [53]. The so-called ‘cold light’ is in obvious contrast to incandescence, 
which is light emitted by a substance as a result of heating. Luminescence can be 
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distinguished depending on the excitation source (Table 1.1). In this work the 
focus will be on the first four forms of luminescence since all the other forms of 
luminescence are not currently used in lighting or display applications. Many 
materials have been developed for Photoluminescence (PL), 
Cathodoluminescence (CL), X-ray luminescence (XL) and Electroluminescence 
(EL) in the fields of both inorganic and organic phosphors.   
Table 1.1 Different forms of luminescence. 
Luminescence type Excitation source Applications 
photoluminescence (PL) photons fluorescent lamps 
cathodoluminescence (CL) electron beams TV sets, monitors 
X-ray luminescence (XL) X-rays scintillators 
electroluminescence (EL) electric current LEDs 
chemoluminescence chemical reaction energy analytical chemistry 
bioluminescence biochemical reaction energy analytical chemistry 
sonoluminescence ultrasound — 
triboluminescence mechanical energy — 
fractoluminescence fracture in certain crystals — 
piezoluminescence pressure on certain solids — 
 
Luminescence can also be divided into phosphorescence and fluorescence 
by the difference in decay time. Fluorescence denotes an emission of short decay 
time, ~10-9 to 10-7 s, while phosphorescence is used to denote the emission of a 
much longer decay time, from a few minutes up to several hours. In quantum 
theory, in a fluorescence process, transitions arise from the singlet excited state 
where the electron does not change its spin direction. However, sometimes under 
the appropriate conditions a spin-flip could happen and a lower triplet excited 
state is created, which is the case in a phosphorescence process. Transitions 
from a triplet excited state is forbidden by the selection rules and have to wait for 
a long time until the electron spin flips back. Thus phosphorescence is usually of 
low intensity compared with fluorescence and could last for a while after the 
removal of the excitation source. 
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A typical human eye can only respond to the visible light between roughly 
380 nm and 780 nm (see Figure 1.1) and generally has its maximum sensitivity at 
around 555 nm [54]. Thus, the phosphors that have emissions in the visible range 
are the ones of most commercial importance. Several terms are used to define 
the properties of phosphors for practical applications in lighting and displays. 
These include: quantum efficiency, colour coordinates and colour temperature 
and these terms are explained in the following section. 
 
Figure 1.1 The electromagnetic spectrum. 
Quantum yield (QY) is defined as the ratio of the number of the emitted 
photons to the number of the absorbed photons: 
   
                  
                   
                         
       
The maximum quantum yield of PL is usually 1.0 but due to energy loss in 
the energy transfer processes between absorption and emission it is usually less 
than this. However, in one special area this is not true: in quantum cutting (a 
process in which phosphors are capable of emitting more than one photon after 
absorption of a single high-energy photon) where Pr3+ activated fluorides [55-57] 
and oxides [58-60] have been observed to give QY values greater than 1. Piper et 
al [57] reported a quantum yield of 140% for 185nm UV excitation in YF3:Pr
3+ at 
room temperature. Quantum cutting can also be observed from ion pairs. A well-
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investigated example is that of Gd3+-Eu3+ dual ions [61-65]. Quantum yields of up 
to 190% (LiGdF4:Eu) [62, 64] and 194% (BaF2:Gd, Eu) [65] have been reported. 
Quantum yields in CL (number of CL photons/incident electron) are much higher 
(~103) due to a different excitation mechanism: the luminescence centre is 
predominantly excited by the recombination of electron-hole pairs (excitons) that 
are generated by the incident electrons. 
In emissive displays, all colours are obtained by mixing the three primary 
colours of red, green, and blue at appropriate ratios. The chromaticity of a colour 
can be indicated in colour space which is defined according to the convention of 
the International Commission on Illumination (CIE) in a normalised two-
dimensional coordinate system [66]. The 1931 CIE colour space together with the 
SMPTE (Society of Motion Picture and Television Engineers) colour triangle is 
illustrated in Figure 1.2. The ideal phosphors for displays should have high colour 
saturation, which means their respective colour coordinates should be positioned 
as close as to the borders of the SMPTE colour triangle as possible. 
 
Figure 1.2 The 1931 CIE colour space and the SMPTE colour triangle. Also 
shown is the locus of the colour of the black-body radiator. 
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The colour temperature is introduced to characterize the colour of emitted 
light, which is defined by the absolute temperature of an ideal black-body radiator 
that has the same colour as that of the light source. The locus of the colour of the 
black body radiator is also given in Figure 1.2. Meaningful colour temperatures 
are those from emitters that lie on this locus. Light emissions from materials with 
CIE coordinates close to the line have colour temperatures that are called 
correlated colour temperatures (CCT). The CCT is defined as the temperature of 
the Planckian radiator whose perceived colour most closely resembles that of a 
given stimulus at the same brightness and under specified viewing conditions [67]. 
Some examples of the colour temperatures of natural and artificial light sources 
are presented in Table 1.2. 
Table 1.2 Colour temperatures of several common light sources 
Light source Colour temperature/K 
blue sky 15000–20000 
LCD or CRT screen 6500-9000 
daylight 6500 
moonlight 4100-4150 
halogen incandescent lamps 3000 
ordinary incandescent lamps 2800 
high-pressure sodium lamps 2000 
candle flame 2000 
sunset/sunrise 1850 
match flame 1700 
 
A high luminous efficacy (LE) is required for lighting applications. The 
calculation method is given by the following equation, where P(λ) denotes the 
spectral power distribution of the radiant energy and V(λ) denotes the spectral 
luminous efficiency for the human eye (Figure 1.3). 
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Figure 1.3 Normalised luminous efficiency for the human eye as a function of 
wavelength [40]. 
The colour rendering index (CRI) is introduced to quantitatively measure 
the ability of a light source to reproduce the colour of the object illuminated by the 
light source. It is defined by the CIE as ‘effect of an illuminant on the colour 
appearance of objects by conscious or subconscious comparison with their colour 
appearance under a reference illuminant’. A black-body radiator, such as the sun 
or a incandescent lamp, is defined to have a CRI of 100. The CRI of a light source 
is calculated by comparing the colour difference between the reflection spectra of 
the selected test colours obtained by the irradiation of the investigated light 
source and the reflection spectra when irradiated by a black-body radiator. The 
larger the difference is, the lower the CRI. So a line emitter of single emission line 
has a CRI of 0 because not all colours could be displayed under such a light 
source. It’s worth noting that no valid comparisons could be made using only the 
CRI between light sources with considerably different colour temperatures 
because the perceived colours under reference light sources vary for different 
colour temperatures.     
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1.2 Absorption, excitation, and emission  
Luminescence can only be observed after phosphors absorb an 
appropriate incident radiation. Absorption can occur either at the luminescent 
centre or at any place in the host lattice. If it is in the host lattice it is followed by 
an energy transfer to the luminescent centre before emission can occur. In 
general, high-energy excitation such as accelerated electron beams, γ-rays, and 
X-rays always excited the host lattice. The luminescent centre can only be directly 
excited by the lower-energy excitation, such as UV light, visible light or IR light.  
Figure 1.4 presents a schematic absorption spectrum of Y2O3:Eu
3+, which 
is used as an example to explain the absorption process in phosphors [68]. The 
absorption band before 230 nm is due to the host lattice and the one at 250 nm 
due to Eu3+-O2- charge transfer transition while the narrow lines are transitions 
within the 4f6 configuration of Eu3+. 
 
Figure 1.4 Schematic absorption diagram of Y2O3:Eu
3+ [68]. HL and CT indicate 
absorptions due to the Y2O3 host lattice and the Eu
3+-O2- charge transfer 
transition, respectively. 
The configurational coordinate diagram was proposed to explain the 
luminescence process. Figure 1.5 shows a configurational coordinate diagram, in 
which the potential energy E is plotted as a function of the configurational 
coordinate R, where R represents the distance between the luminescence centre 
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and its coordinate neighbour. Optical transitions are represented vertically in the 
configurational coordinate diagram since they are electronic and occur rapidly 
compared to nuclear motions. The ground state and excited state are shown in 
the form of parabolic potential wells. The luminescence centre is prompted from 
its ground state to an excited state after absorbing energy Eab. The luminescence 
centres tend to stay in the minimum energy points of the excited state before a 
possible optical transition can happen. The difference between Eab and the 
emission energy Em is called the Stokes shift, denoted ΔEs. It’s also shown in 
Figure 1.5, where there is a shift of ΔR between the minimum energy point of the 
ground state and excited state because the chemical bond in the excited state is 
different from that in the ground state. 
 
Figure 1.5 Configurational coordinate diagram. The vibrational states are shown 
in number. 
Figure 1.6 and Figure 1.7 show the excitation and emission spectra of 
Y2O2S:Pr
3+ nanometre sized phosphor particles as examples. More details of the 
energy transfer process will be discussed for each specific phosphor in the 
following sections. The excitation spectrum of Y2O2S:Pr
3+ consists of two broad 
and strong bands centred at about 264 nm and 304 nm, respectively (Figure 1.6). 
The relatively weak band centred at 264 nm is due to the excitation of the Y2O2S 
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host lattice and this energy would be partially transferred to the Pr3+, while the 
strong one at 304 nm corresponds to the excitation associated with the Pr3+ [69].  
Figure 1.7 shows the emission spectra of Y2O2S:Pr
3+ nanometre sized 
phosphor particles with 254nm UV excitation. The strong emission line at 514nm 
corresponds to the electric dipole transition of 3P0 → 
3H4. Other emission lines at 
549nm, 641nm, 670nm, and 770nm can be attributed to transitions from 3P0 to 
3H5,
 3H6,
 3F2 and 
3F4, respectively. 
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Figure 1.6 Excitation spectrum of Y2O2S:Pr
3+ nanosized phosphors. 
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Figure 1.7 Emission spectrum of Y2O2S:Pr
3+ nanosized phosphors. 
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1.3 Activators and host crystals 
Most phosphors consist of two components: a host lattice and an activator. 
Activators are deliberately introduced impurities and function as the luminescent 
centre in the host crystal. Rare earth elements can play an important role in both 
sides. The electronic structures and optical properties of the rare earth ions used 
in our work, such as Dy3+, Pr3+, Eu3+, Er3+, and Tb3+ are described in the following 
section as well as the Y2O2S and Gd2O2S host lattices. All the elements that have 
been employed in the host lattice and/or as activator are given in the periodic 
table of the ‘lighting’ elements [40]. 
 
Figure 1.8 Periodic table of the ‘lighting’ elements [40].  
Generally the rare earth elements consist of the lanthanide elements from 
La (atomic number 57) to Lu (atomic number 71), often Sc (atomic number 21) 
and Y (atomic number 39) are included. These elements benefit from their 
characteristic incompletely filled 4f shell and exhibit unique optic, electric and 
magnetic properties. In the rare earth elements, the 4f electrons are shielded from 
the surroundings by the 5s2 and 5p6 electrons. Therefore the optical transitions 
within the 4f configuration are hardly influenced by the environmental or crystal 
electric field. The energy levels of 4f electrons of the trivalent rare earth ions 
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(RE3+) have been extensively investigated by Dieke [70] and other researchers 
[71]. Figure 1.9 shows the Dieke diagram in which the energy states were 
determined experimentally by considering the optical spectra of individual ions 
incorporated in LaCl3 crystals. Light-emitting levels are indicated by semicircles 
below the bars. The width of the energy state bars gives the order of magnitude of 
the crystal field splitting, which is very small. Since the 4f electrons hardly interact 
with the environmental electric field the diagram is applicable to ions in almost 
any host lattices. The maximum variation of the energy states is very confined 
and is at most of the order of several hundred cm-1. 
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Figure 1.9 Energy levels of RE3+ ions [71].  
13 
 
1.3.1 Electronic structure and optical properties of RE3+ ions 
The characteristic electronic structures of RE3+ ions arises from the 
gradual filling of the 4f orbitals from La3+ (4f0) to Lu3+ (4f14) (Table 1.3), except for 
Sc3+ and Y3+, which are not optically active because both have no energy levels 
that can induce excitation and luminescence processes in or near the visible 
region. As mentioned above, the 4f electrons are well shielded from the 
surroundings. Thus the life time of the excited state of RE3+ ions is long (ms) and 
emission transitions yield sharp lines in the spectra.  
Table 1.3 Electronic structures of RE3+ ions (except for Sc3+ and Y3+). 
Atomic number Element symbol Configuration RE3+ Ground state of RE3+ 
57 La [Xe] 1S0 
58 Ce [Xe]4f1 2F5/2 
59 Pr [Xe]4f2 3H4 
60 Nd [Xe]4f3 4I9/2
 
61 Pm [Xe]4f4 5I4
 
62 Sm [Xe]4f5 6H5/2
 
63 Eu [Xe]4f6 7F0 
64 Gd [Xe]4f7 8S7/2 
65 Tb [Xe]4f8 7F6 
66 Dy [Xe]4f9 6H15/2 
67 Ho [Xe]4f10 5I8 
68 Er [Xe]4f11 4I15/2 
69 Tm [Xe]4f12 3H6 
70 Yb [Xe]4f13 2F7/2 
71 Lu [Xe]4f14 1S0 
 
The optical properties of the RE3+ ions used in our work, such as Pr3+, Eu3+, 
Tb3+, Dy3+, and Er3+, are discussed in the following section. 
 
 Pr3+ 
The emission colour from Pr3+ ion depends on the host crystals. Pr3+ 
activated Y2O2S, Gd2O2S, and La2O2S emit a green emission under cathode-ray 
or UV excitation [29, 69, 72]. This is due to the electrical dipole transitions of 3P0 
→ 3HJ (J=4, 5, 6) and 
3P0 → 
3F2 and 
3P0 → 
3F4. A strong single red emission band 
of 1D2 → 
3H4 transition has been observed from Pr
3+ activated CaTiO3 [73], which 
results from the 3P0 to 
1D2 non-radiative relaxation caused by the downshift of the 
14 
 
4f-5d band due to a covalency effect. The low-lying Pr3+/Ti4+ ↔ Pr4+/Ti3+ charge 
transfer state (CTS) has also been proposed to explain the 3P0 to 
1D2 non-
radiative quenching [74]. The decay time of the 3P0 to 
3HJ or 
3FJ emission is ~10
-5 
s, which is short for a RE3+ ion (~ms).  
Pr3+ is also well known for its quantum cutting effect, which was discovered 
in the 1960s and has been the source of new research interest in recent years 
[55-57, 60, 61, 63-65]. When the 4f5d levels are situated above the 1S0 level, a 
high-energy UV photon can be absorbed by a parity-allowed and spin-allowed 
4f→5d transition. The energy is subsequently transferred to the rather stable 1S0 
energy state through non-radiative relaxation, from where several emissions in 
the visible region are possible. More details about the quantum cutting effect and 
recent progress can be found in reviews for further interest [52, 61]. 
 Eu3+ 
Eu3+ ions activated phosphors emit bright red light. Eu3+ has been 
incorporated into many host crystals, such as YVO4 [16], Y2O2S [75-82], Y2O3 
[83-87] to develop red light emitting phosphors for cathode-ray televisions (CRTs). 
Eu3+ has also been investigated for X-ray detection [28, 88]. Eu3+ ions usually 
occupy the sites that have no inversion symmetry in the host crystals. The strong 
red emission line at around 610 to 630nm is due to the electric dipole transition of 
5D0 → 
7F2. Eu
3+ ions can also occupy the sites of inversion symmetry, as in InBO3 
[88]. If it occurs the emission line at ~ 600nm due to the magnetic dipole transition 
of 5D0 → 
7F1 becomes relatively stronger and dominates.  
YVO4:Eu
3+ was developed in 1964 [16] to meet the demands for an 
appropriate red phosphor for use in colour TV. This was later replaced by 
Y2O2S:Eu
3+ for better energy efficiency [75] and stability in the recycling in the 
screening process of CRT production. Y2O3:Eu
3+ has been used for a high colour 
rendering lamp as well as for FED displays [84, 85]. 
 Tb3+ 
Figure 1.10 presents the emission bands of Tb3+ in Y2O2S under UV 
excitation. The complicated appearance is caused by the crystal field splitting. 
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The emission spectrum consist of emissions due to transitions of 5D3 → 
7FJ, 
mainly in the blue region, and 5D4 → 
7FJ (J=0-6), mainly in the green. The 
blue/green ratio strongly depends on the Tb3+ concentration due to the cross 
relaxation effect between two adjacent Tb3+ pairs: Tb3+ (5D3) + Tb
3+ 
(
7F6) → Tb
3+ 
(
5D4) → Tb
3+ (7F0).  This phenomenon has been observed in many host crystals 
[32, 89-97].  
The blue/green intensity ratio also depends on the host crystals. Host 
crystals affect the intensity ratio in two ways: the first is the maximum phonon 
energy that causes phonon-induced relaxation. The intensity ratio becomes small 
when the maximum phonon energy is high; the other factor is the relative position 
of the 4f75d1 and 4f8 energy level.  If the minimum energy of the 4f75d1 is fairly low 
and the Frank-Condon shift is fairly large, an electron excited to the 4f75d1 level 
can relax directly to the 5D4, bypassing the 
5D3 and thus producing only 
5D4 
luminescence. 
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Figure 1.10 Emission spectrum of Y2O2S:Tb
3+. 
 Dy3+ 
The emission of Dy3+ has a whitish colour due to transitions of 4F9/2 → 
6H15/2 (~470-500nm, blue) and 
4F9/2 → 
6H13/2 (~570-600nm, yellow) (Figure 1.11). 
The 4F9/2 → 
6H13/2 transition has ΔJ=2 and is hypersensitive and decreases with a 
5D4 → 
7FJ 
 
5D3 → 
7FJ 
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decrease in the polarity of the neighbouring ions. Direct UV excitation of Dy3+ is 
not effective due to the relatively large energy of the CTS and 4f85d1 energy state. 
However the excitation via energy transferred from the host matrix ions could be 
effective. Quantum yields of up to 65% have been reported for YVO4:Dy
3+.  
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Figure 1.11 Emission spectrum of Y2O2S:Dy
3+.  
 Er3+ 
Er3+ has been extensively studied for its capability of converting low-energy 
photons to high-energy photons through the upconversion process [5, 98-103]. 
More details about Er3+ and upconversion will be discussed in the upconversion 
phosphors section. Er3+ ions doped into glasses function as optical amplifiers for 
1.55 μm semiconductor laser light and have been employed in optical 
telecommunication systems [21]. 
1.3.2 Y2O2S and Gd2O2S 
The choice of host lattice strongly influences the luminescent properties of 
the phosphors by determining the distance between dopant ions, their coordinate 
numbers, their relative spatial position and their electrical environments. Here we 
describe the two host crystal lattices used in this work. 
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The Y2O2S and Gd2O2S crystal lattices are well known wide band-gap (4.6-
4.8eV) semiconductors [104]. They do not exist as natural minerals but were 
invented as host matrices for RE3+ ions by Royce [105] and Yocom [106] from the 
Radio Corporation of America (RCA) in 1968. Since then both lattices have been 
the subjects of intensive research interest.  
The crystal symmetry of Ln2O2S (Ln=Y, Gd) is trigonal, and the space 
group is P3m1. Figure 1.12 shows the schematic crystal structure of Ln2O2S. 
Each Ln atom is bonded to four oxygen atoms and three sulphur atoms and has a 
seven-coordinate geometry. Both Ln and oxygen atoms have the same site 
symmetry of C3v and the S site has symmetry of D3d. 
 
Figure 1.12 Schematic crystal structure of Ln2O2S (Ln=Y, Gd). 
1.4 Stokes emission and anti-Stokes emission 
Phosphors emit light after the absorption of energy from an incident photon. 
The emission photon is usually of lower energy compared to the incident photon. 
This kind of emission is termed Stokes emission. The energy loss is caused by 
lattice relaxation due to a change in the strength of the chemical bond [107]. The 
gap between absorption and emission energy is called the Stokes shift.  
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There is also the possibility that a phosphor, when excited with strong light 
sources, i.e. a laser, could absorb two (or several) photons at one time and emit a 
photon of higher energy than the incident photon. This process is called 
upconversion and the emission is anti-Stokes emission. Upconversion phosphors 
of high upconversion efficiencies are usually doped with lanthanide ions and are 
promising candidates for biological labelling and diagnostics. Both Stokes 
emission and anti-Stokes emission are illustrated in Figure 1.13. 
 
Figure 1.13 Schematic energy transfer processes for (1) Stokes emission and (2) 
anti-Stokes emission. 
1.5 Recent developments in RE3+ ions activated phosphors 
In 1998, developments in the field of phosphors for lighting and displays 
over the previous thirty years were reviewed by Justel et al [40]. Improvements by 
then had driven phosphors to work close to their physical limits. However in 
recent years, the classical RE3+ activated phosphors, to be more specific, 
nanometre-sized particles of narrow size distribution and designed morphology 
have come back into research focus. Some recent developments are introduced 
in this section. 
RE3+ doped phosphors, such as Gd2O2S:Tb
3+, Gd2O2S:Pr
3+, 
(Y,Gd)2O2S:Eu
3+, and Y2O2S:Tb
3+, have been commonly used as scintillation 
materials for medical diagnostics [44, 68]. For these materials, several properties 
are required, such as high X-ray absorption, hard radiation stability, high 
conversion efficiency from X-ray to visible light, short decay times and low 
afterglow. Emissions from RE3+ 4f transitions usually have long decay times 
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(~ms), which is disadvantageous in medical imaging. Thus co-doping is often 
employed for better performance of the scintillation materials [36]. For example, 
the afterglow in (Y,Gd)2O2S:Eu
3+ is caused by thermally unstable trapped charge 
carriers (electrons by the Eu3+ ions and holes by the intrinsic trap state) and their 
subsequent release and eventual recombination at the luminescent centre, which 
could be significantly reduced by the co-doping with Pr3+ [28]. Thermally stable 
Pr4+ (up to 700K) formed during X-ray radiation acts as an effective hole trap and 
successfully competes with the intrinsic hole traps, resulting in non-radiative 
recombination and reduction of trap centres thus drastically reducing such 
afterglow at room temperature. Addition of 0.1 mol% Tb3+ into Gd2O2S:Pr
3+ 
improves the light output by ~15% and the incorporation of Ce3+ ions reduces 
radiation damage by controlling the generation of the colour centres with an 
absorption energy of 3.4 eV (~370 nm) which are generated by the X-ray 
irradiation and decrease the light output [29].   
In modern medical imaging systems, such as computed tomography (CT), 
scintillation materials are usually used in conjunction with optical detectors, i.e. 
films, Si based photodiodes, CCD arrays. The total resolution of the system is 
determined by the phosphor material noise (screen noise) as well as the noise of 
the optical detectors [31]. Furthermore, the screen noise consists of two 
components: quantum noise and structure noise [108]. Quantum noise is affected 
by the spatial fluctuation of the absorbed X-ray quanta and dominates in low-
exposure conditions [31] while the structure noise is strongly affected by the 
thickness and uniformity of the phosphor screen. A high degree of close packing 
of the phosphor particles and a thicker layer could reduce the structure noise. 
Thus parameters affecting particle morphology and size distribution which 
influence the effective filling fraction should be controlled. Decrease in particle 
size also causes reduction in structure noise due to less scattering of the radiation 
[31]. Smaller particles potentially lead to higher screen resolution and a higher 
screen density as well. 
Recently, Gd2O2S:Pr
3+  has been used in detectors for water window X-ray 
(wavelength of 2.3-4.4nm, energy of 0.28-0.53 keV) detection in complicated 
electromagnetically noisy environments [33]. Gd2O2S:Tb
3+ is the most frequently 
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employed phosphor in x-ray intensifying screens [38]. Gd2O2S:Tb
3+ has been 
incorporated with polyethylene microstructures to fabricate flexible scintillators for 
the next-generation flexible X-ray image sensors [34]. Pixel height and fill factor 
are two factors that affect the sensitivities of the as-prepared scintillators with 
different pitch sizes. 
Nanometre sized particles of uniform spherical shape have been 
developed for high definition TV (HDTV) [80, 81, 84-86, 109]. These phosphors 
are designed to operate under a low electron accelerating voltage (1-5 kV) as 
required in field emission display (FED) technology and luminescence efficiency 
comparable to [84] or even higher [85] than the commercial bulk materials can be 
obtained. Y2O3:Eu
3+ nanocrystals in the size range 70-100nm are reported to be 
50% more efficient than the bulk material at 1kV accelerating voltage under 
electron excitation [85]. A continuous and uniform silica layer was coated to 
Y2O2S:Eu
3+ to enhance its processability [81]. Y2O3:Eu
3+/Y2O3 nanoparticles of 
core-shell structures were prepared and their luminescence properties were 
investigated [86]. In contrast to quantum dots (QDs), the peak positions of Eu3+ 
emission are not affected by the particle size: the core- shell structure reduces the 
Eu3+ emission intensity by diluting the Eu3+ concentration.  
Classical inorganic phosphors are commonly prepared using the solid state 
reaction method [44, 110], often followed by grinding and milling to reach the 
required particle size. This usually introduces many surface defects which 
function as non-radiative recombination sites for charge carriers and cause a 
drop-off in luminescence efficiency.  
Many chemical approaches have been developed to prepare monosized 
particles. In our work, phosphor precursor powders were prepared using the 
homogeneous precipitation method [84]. The homogeneous precipitation 
technique is based on the slow hydrolysis (or other reactions) of a solute, such as 
Y3+ for the preparation of Y(OH)CO3 (the metal hydroxycarbonate precursor of the 
phosphor). The whole process can be simplified as the release of CO2 and NH3 
by urea decomposition, followed by the sequential addition of the ligands OH-1 
and CO3
2- to the metal cations until the concentration of reactants reaches critical 
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supersaturation and then precipitation occurs. The precipitates assume a 
spherical shape to minimise the free energy. 
The precipitation rate is controlled by the thermal decomposition of urea at 
over 85˚C [111], in which process the urea decomposes into CO2 and NH3 at a 
relatively slow and controllable rate [112, 113]. The decomposition of urea 
depends upon temperature and the reaction rate is first order with respect to urea 
[113]. Urea decomposed in water at a rate of 4% per hour for temperatures above 
85˚C [113], which is ideal to feed the reactants into the reaction in a controlled 
manner.  
1.6 Upconversion phosphors 
1.6.1 Introduction 
Upconversion (UC) is a nonlinear optical process for which the optical 
properties of the material depend on the radiant flux density of the exciting light 
and is characterized by the conversion of long-wavelength (low energy) radiation 
to short-wavelength (high energy) radiation [102]. Auzel summarised his 
pioneering work in the field of UC and proposed several mechanisms to explain 
the UC process [114-118]. However, the efficiencies of these UC processes are 
usually low and most UC phosphors for practical applications are realized through 
two mechanisms. One is initially called the APTE effect (addition de photon par 
transfers d’energie) and was later named energy transfer upconversion (ETU) 
[116], it has an efficiency of ~10-3, the other termed excited state absorption (ESA) 
has an efficiency of ~10-5 [119]. Both mechanisms require re-absorption of a 
second photon by metastable, long lifetime excited states, which leads to a higher 
excited state from which the UC emission occurs. In the case of ESA, the 
luminescent centre sequentially absorbs two or more photons of appropriate 
energy to populate the excited state. This is in contrast to ETU, in which the 
population of the emitting level is achieved by subsequent energy transfer from a 
neighbouring ion to the excited state. Very often a co-dopant called a sensitizer is 
employed for higher efficiency (~10-1) [119]. A schematic illustration of the ETU 
and ESA processes is presented in Figure 1.14. 
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Figure 1.14 Schematic illustration on UC processes of ESA and ETU [118]. 
A ladder-like arrangement of energy states with similar energy gaps is 
required for UC, which are realized for certain ions, such as transition metal ions 
and rare earth ions. Transition metal ions, such as Os4+ [120, 121], Ni2+ [122], Ti2+ 
[123-125], have been reported to also manifest these properties in suitable host 
materials. These systems, although extensively studied, have shortcomings such 
as satisfying the requirement on low operating temperatures and need to improve 
optical properties, thus the need is still for fundamental research. 
UC phosphors of high efficiencies at room temperatures are usually doped 
with rare earth ions. Upconversion has been observed from many RE3+ activated 
solids, such as silicates [126], oxides [103, 127-134], oxysulfides [99, 100, 135-
140], fluorides [141-149]. Amongst them Yb3+ and Er3+ co-doped NaYF4 of 
hexagonal phase is the most efficient UC phosphor to date [149], which was 
introduced by Menyuk et al in 1972 [141].  
RE3+ ions such as Er3+, Tm3+, and Ho3+ best meet the requirements on 
energy state structures for UC activators and are the most commonly employed in 
current upconversion phosphors [102, 150]. For practical applications, the 
concentration of Er3+ and Tm3+ are respectively optimised to not exceed ~3% and 
~0.5% to avoid concentration quenching [102]. It is a common routine to sensitize 
the activator ions with Yb3+ sensitizer for 980nm NIR excitation, usually in high 
concentration (18%-25%) [139, 143-145, 147-149, 151]. However, when UC 
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phosphors are excited with a red laser, the presence of Yb3+ decreases both the 
down-conversion and upconversion intensities [130]. 
Figure 1.15 shows how Yb3+ ions transfer energy to Er3+ and Tm3+ 
activators. The energy gap (~10370cm-1) between the ground state (2F7/2) of Yb
3+ 
and its 2F5/2 excited state could bridge the transition energy (~10350cm
-1) 
between the 4I11/2 and 
4I15/2 states as well as the 
4F7/2 and 
4I11/2 states of Er
3+ via 
efficient resonant energy transfer. In the case of Yb3+ sensitized Tm3+, the energy 
of four NIR incident photons is injected from Yb3+ into Tm3+. Yb3+ and Er3+ co-
doped phosphors also benefit from manifesting high saturation resistance [102].  
To date, NaYF4 is the most efficient host material for UC phosphors. It 
shows low phonon energy (ca. 350 cm-1) [152] and the similar ionic radii between 
Na+, Y3+ and RE3+ prevent the formation of crystal defects and lattice stress, 
which has been found to be advantageous over other host materials [142, 144, 
153]. Crystal structures also play a role in respect to UC efficiency. Green 
emission in hexagonal NaYF4:Yb
3+/Er3+ exhibits approximately 10 times stronger 
efficiency than that in cubic NaYF4:Yb
3+/Er3+ [149]. The high UC efficiency of 
hexagonal NaYF4:Yb
3+/Er3+ originates from the fact that Yb3+ and Er3+ occupy two 
independent lattice sites in NaYF4, which guarantees an efficient resonant or near 
resonant energy transfer process between Yb3+ and Er3+ [154]. 
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Figure 1.15 Energy transfer processes for Yb3+ sensitized Er3+ and Tm3+ systems 
[153]. Full, dotted and curly arrows indicate radiative, non-radiative energy 
transfer processes and multi-phonon relaxation processes, respectively. 
1.6.2 Developments of RE3+ activated UC nanocrystals 
Great progress has been achieved in the field of UC phosphors in the last 
few decades. There are two factors that contribute to this: on the one hand, the 
developments in semiconductor lasers that now provide relatively cheap exciting 
light sources for upconversion, such as infrared (IR) or near-infrared (NIR) lasers; 
and in addition, UC phosphors are considered a promising alternative for organic 
dyes or quantum dots in biological labelling due to low back ground noise and low 
toxicity [101, 155-158]. 
Various synthetic approaches have been explored to prepare highly 
efficient UC phosphors. Details have been discussed in review articles [102, 150, 
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159, 160]. The benefits and drawbacks of several typical synthetic routes are 
presented in Table 4. Using these methods, monodisperse UC nanocrystals of 
narrow size distribution can be obtained [128, 137, 138, 143-146, 152, 161].  
Table 1.4 Typical synthetic routes to UC nanocrystals [150]. 
Method Host materials Remarks 
Coprecipitation 
LaF3, NaYF4, 
LuPO4, YbPO4 
Fast growth rate. No need for costly 
equipment or complex procedures. 
Post-heat treatment typically required. 
Thermal 
decomposition 
LaF3, NaYF4, 
GdOF 
Expensive, air-sensitive metal 
precursors. High quality, 
monodisperse nanocrystals. 
Toxic by-products. 
Hydro(solvo)thermal 
synthesis 
LaF3, NaYF4, 
La2(MoO4)3 
Cheap raw materials. No post-heat 
treatment. Excellent control ove 
particle size and shape. Specialised 
reaction vessels required. 
Sol-gel processing 
ZrO2, TiO2, 
BaTiO3, 
Lu3Ga5O12, 
YVO4 
Cheap raw materials. Calcinations at 
high temperatures required. 
Combustion synthesis 
Y2O3, Gd2O3, 
La2O2S 
Time and energy saving. 
Considerable particle aggregation. 
Flame synthesis Y2O3 Time saving and readily scalable. 
 
As mentioned above, hexagonal NaYF4 is the preferred host crystal for 
higher UC efficiency [149]. Many efforts have been made to synthesize pure 
phase NaYF4 UC phosphors [143, 146, 152, 153, 162, 163]. The thermal 
decomposition method, which is based on the thermal decomposition of 
trifluoroacetates in solvent mixtures of oleic acid and octadecene, was applied to 
generate high UC efficient NaYF4:Yb
3+, Er3+ nanocrystals for the first time [162]. 
In this method, the decomposition of trifluoroacetates at 330˚C rapidly forms 
reactive fluoride compounds, which is advantageous. The shortcomings include 
the emission of toxic fluorinated and oxyfluorinated carbon species, the 
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requirement of high reaction temperature and the narrow temperature window of 
the decomposition [102].  
In 2008 Li and Zhang proposed an alternative method for the synthesis of 
pure hexagonal phase NaYF4:Yb
3+,Er3+/Tm3+ nanocrystals by replacing the metal 
trifluoroacetates with in situ generated rare-earth oleates from NaOH and NH4F 
[147]. All the fluoride reagents are consumed to form solid-state nuclei at room 
temperature before the diffusion-limited growth of the nanocrystals at elevated 
temperature, thus providing a user-friendly synthetic condition [147]. Nanocrystals 
of different shapes can be obtained by tuning the ratio between the ligands (oleic 
acid) and a high-boiling solvent (octadecene). 
High phase purity of hexagonal NaYF4:Yb
3+,Er3+ can be generally achieved 
by either sufficiently high reaction temperatures (~300˚C) or prolonged heat 
treatment (up to several days), which usually come together with significant 
particle aggregation [150]. 
Recently, simultaneous phase and size control of NaYF4:Yb
3+,Er3+ was 
realised through Gd3+ co-doping [164]. Incorporating Gd3+ ions with larger ionic 
radii into the NaYF4: Yb
3+,Er3+ system induces increased dipole polartizability and 
electron cloud distortion and favours the hexagonal phase of low-symmetry cation 
sites [164]. A mixture of cubic and hexagonal phases was found without the 
addition of Gd3+ under the chosen reaction conditions. Gradual transformation 
from the cubic to the hexagonal phase was observed with increased Gd3+ 
concentration and the pure hexagonal phase was obtained at 30 mol% of Gd3+. 
Moreover, the size of the corresponding particles decreases. Furthermore, Tm3+ 
was introduced into the ternary system for tuning the emission colour of the UC 
nanocrystals [164]. The emission colour can be tuned from blue (0.2% Tm3+) to 
green (2% Er3+) by adjusting the Tm3+/Er3+ ratio. 
Wang et al reported a liquid-solid-solution (LSS) process to synthesize a 
variety of nearly monodisperse RE activated nanocrystals with narrow size 
distribution [159, 160].  The LSS process is based on the phase transfer induced 
reduction of metal ions at the liquid-solid or solution-solid interfaces at a 
designated temperature followed with in-situ adsorption of ligands onto the 
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surface of the nanocrystals. A phase separation process occurs spontaneously 
because of the weight of the nanocrystals (see Figure 1.16). The nanocrystals as-
prepared by the LSS process are hydrophobic with the alkyl chains on the outside 
[160] but could be rendered hydrophilic by surface modification [165]. These 
nanocrystals are re-dispersible and could be used as building blocks to form 3D 
colloidal spheres by a bottom-up self assembly method based on a designated 
oil-in-water (O/W) micro-emulsion system [166, 167], in which the nanocrystals 
are gathered, assembled and fixed spontaneously during the controlled solvent 
evaporation process in a restricted micrometre-sized 3D space. More details 
could be found in reference [159]. 
 
Figure 1.16 Scheme of the LSS synthetic process [160]. 
For UC phosphors, activators of ladder-like, well-separated energy level 
structures are required. So far only a few transition metal ions and RE3+ ions, 
such as Er3+, Ho3+, Tm3+, Os4+, have met these requirements and limit the 
achievable UC colours.  Wang et al designed a new series of UC phosphors with 
core-shell structures using Tb3+, Eu3+, Dy3+, and Sm3+ as emitters, respectively 
[168]. In their approach, the NaGdF4:Yb
3+,Tm3+ nanocrystals are coated with 
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NaGdF4:X
3+ (X=Tb, Eu, Dy, or Sm) sublattice layers forming a well-defined core-
shell structure (see Figure 1.17 a).  
The energy transfer processes are illustrated in Figure 1.17 b. Yb3+ 
functions as a sensitizer to harvest pumped photons and subsequently promote a 
neighbouring Tm3+ (accumulator) to the excited states. Gd3+ (migrator) ions 
extract energy from high-lying energy states of the accumulator and randomly 
migrate the energy through the Gd sublattice before an activator ion, X3+, traps 
the energy and eventually emits a photon [168]. Based on this energy migration 
upconversion (EMU) process, UC emissions that cover almost the entire visible 
spectral range could be approached with NIR excitation. Also, it has been shown 
that, the migration of excitation energy through the Gd sublattice can travel a 
substantial length (more than 5nm), or even between two separated nanoparticles. 
This discovery enables lanthanide-doped nanophosphors to work as acceptors 
since the Gd sublattice could shorten the interaction distance between the donor 
and the acceptor as well as tune the mismatched energy levels to the same 
resonant frequency [168]. 
 
Figure 1.17 Tuning upconversion through energy migration in core-shell 
nanoparticles [168]. a. Scheme of the NaGdF4:Yb
3+,Tm3+/NaGdF4:X
3+ core-shell 
structure; b. Proposed energy transfer mechanisms in the core-shell 
nanoparticles.   
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1.6.3 Applications of UC phosphors 
The most promising application for UC phosphors falls into the biological 
field [101, 102, 150, 151, 155-159, 169]. Organic dyes and quantum dots (QDs) 
are commonly used for biological labelling and imaging. These are usually excited 
with UV light and suffer from the interference of auto-fluorescence of the 
biological tissues. In contrast, UC phosphors are usually excited with IR or NIR 
light source, which means weak or even no auto-fluorescence from cells or 
tissues. In addition, the IR radiation penetrates deeply into biological tissues and 
causes minimal photo damage to the organisms being studied [144, 147]. UC 
phosphors also benefits from high photo-chemical stability, narrow emission 
bandwidths and good biocompatibility [102]. A seven order of magnitude higher 
visible light output has been reported for colloidal NaYF4:Yb
3+/Er3+ nanocrystals 
than CdSe-ZnS QDs under the same experimental geometry [153, 170]. The 
main challenge is that most UC nanocrystals are with sizes in the region of 20 nm, 
which is too large compared to most QDs.  
Another interesting application for UC phosphors is volumetric three-
dimensional television (3D TV). Downing et al presented the first three-colour 3D 
TV operated at room temperature using Pr3+(red), Er3+(green), Tm3+(blue) 
activated UC phosphors [171]. The display is viewable under typical ambient 
room lighting conditions. Research efforts have been made to prepare UC 
phosphors of high quantum efficiency suitable for the 3D displays [164, 172]. 
UC phosphors have been employed to enhance the performance of solar 
cells [45, 47, 48, 151, 173-178]. According to Henry’s detailed balance model 
[179], the maximum energy conversion efficiency η of an ideal solar cell with a 
given bandgap is competitive with the thermalization ηtherm, sub-bandgap ηsub, and 
radiative ηrad efficiency losses. Under air mass 1.5 global non-concentrated 
conditions, η+ ηtherm + ηsub + ηrad = 1. UC phosphors are suggested to have the 
potential to increase the conversion efficiency η by reducing the sub-bandgap 
loss ηsub [48]. Both down conversion and up-conversion could be used to enhance 
the energy conversion efficiency [45, 46, 180]. UC phosphors are suggested for 
bandgaps above ~1.25eV and down-conversion phosphors for bandgaps below 
~1.25eV since bandgaps below ~1.25eV have larger thermalization losses 
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whereas bandgaps above ~1.25eV have larger sub-bandgap losses [45]. For this 
application, NaYF4 doped with only Er
3+ is preferred for the relatively broad 
absorption band [45, 47]. 
UC phosphors can also be used in the security and anti-counterfeiting field. 
Kim et al designed photo-patterns based on UC nanocrystals and proposed 
applications in the field of security [181]. Liu et al designed RE3+ 
(Yb3+/Er3+,Yb3+/Tm3+,Er3+) activated NaYF4 nanocrystals with both UC and down-
conversion luminescence and investigated their anti-counterfeiting performance 
[182]. Results suggest these nanocrystals can provide a strengthened and more 
reliable anti-counterfeiting effect due to their colour-tuning capability and high 
concealment [182]. 
1.7 Quantum dots 
1.7.1 Introduction to quantum dots 
Quantum dots are semiconductor nanocrystals with particle size of roughly 
1 to 10 nm. Quantum dots bridge the gap between cluster molecules and bulk 
materials. Typically a QD particle consists of ~100 to ~10 000 atoms. QDs are 
sometimes called ‘artificial atoms’ and are utilised as building blocks in the 
bottom-up approach to more complicated nanostructures through self assembly 
processes. Some fundamental concepts and the unique, size dependent 
properties of QDs are explained in the following section.  
In a semiconductor, photon absorption can pump an electron from valence 
band to conduction band and spontaneously generate a positive charged hole. 
The electron in the conduction band is bound to the localised hole via Coulomb 
force forming an exciton. The characteristic distance between the bound electron 
and the hole is termed the exciton Bohr radius. When the materials dimension is 
reduced to a size close to or even smaller than the exciton Bohr radius, the 
quantum size confinement occurs. When the size of a nanocrystals is roughly 3 to 
10 times the exciton Bohr radius, the exciton is in a weakly confined state [183]; 
when the particle size is smaller than the exciton Bohr radius, the exciton is in a 
strong confined state [184]. 
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When QDs are in the quantum confine regime, the bandgap increases 
compared with that of the bulk material, resulting in a blue shift in the absorption 
spectrum as well as in the emission spectrum. The continuous energy bands of 
the bulk materials collapse and split into several discrete, well separated energy 
levels (see Figure 1.18), which lead to the discrete absorption spectrum of QDs. 
The bandgap energy for a spherical QD can be approximately calculated using 
the given equation:  
 
                
    
    
                  
                 
where R is the particle radius and μ is the effective mass defined by: 
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Figure 1.18 Schematic illustrations for the bandgap of the bulk material and the 
QD. 
   Conduction band 
     Valence band 
Eg 
Bulk material 
Eg’ 
Quantum dot 
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According to equation (3), the bandgap of the QDs is in proportion to 1/R2. 
Thus, the emission colour of the QDs is tuneable simply by tailoring the particle 
size to a proper value.  Figure 1.19 shows the size-dependence emission colour 
of CdTe QDs synthesized in water with size in the 2-5nm range. 
 
Figure 1.19 Size-dependent photoluminescence of CdTe (2-5nm size range) [185]. 
Reduction of the size of QDs results in an enlarged fraction of the total 
number of atoms on the surface and thus a high surface volume ratio. Therefore 
QDs exhibit physical and chemical properties in huge contrast to the bulk 
materials. The melting temperatures of QDs reduce with decreasing particle size 
[186-189]. The melting temperature of CdS decreases from 1678K (bulk) to 573K 
(1.6 nm in diameter) [189]. ZnS:Mn nanocrystals show reduction in phase 
transition temperature [190]. On the other hand, the high surface-to-volume ratio 
of QDs causes poor luminescence properties since surface-related non-radiative 
relaxation dominates in the strong confinement regime. For practical applications, 
QDs are usually coated with a passivation layer, either composed of organic 
ligands [160, 185, 191-194] or by an inorganic layer to form the core-shell 
structure [195-198]. The passivation layer can stabilize the QDs and enhance the 
luminescent efficiency by reducing the non-radiative contribution of the surface. 
Many preparation methods have been explored to synthesize quantum 
dots, including molecular beam epitaxy (MBE), metalorganic-chemical-vapor-
deposition (MOCVD), and vapour-liquid-solid (VLS) [191]. Amongst these 
methods, one soft chemical method, colloidal synthesis is of great research 
Particle Size 
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attraction and been employed as a common routine approach to prepare QDs of 
narrow size distribution and tailored morphologies [191]. A typical colloidal 
process consists of a temporally discrete nucleation event followed by relatively 
rapid growth from solution-phase monomers and a slower growth termed Ostwald 
ripening. Particle size and shapes can be controlled by adjusting reaction 
conditions, such as monomer concentration, reaction temperatures, pH, and 
choice of solvent and surfactant. Review articles concerning the shape control 
mechanisms have been published [199-205]. Other benefits from colloidal 
synthesis include spontaneous passivation layers on the QDs and easy routes to 
introduce impurities.  
Dopants, the intentional impurities in host crystals, strongly influence the 
electronic and optical properties of the host materials in a controllable manner. 
These doped nanocrystals exhibit some unique optical properties, such as 
minimized self-absorption, long excited-state lifetime narrow emission bandwidth, 
and good thermal stability [206]. Many applications of the nanocrystals may 
ultimately depend on tailoring their performance using proper dopants. Bhargava 
investigated Mn2+ and Tb3+ doped ZnS nanocrystals and suggested applications 
in displays, sensors and lasers [192, 194]. It’s worth noting that the quantum yield 
of ZnS:Mn (~18%) was higher than the best available undoped crystals [194]. And 
great progress has been achieved ever since on more efficient luminescence for 
doped nanocrystals (greater than 50%) [207, 208]. Incorporating impurities at 
specific distanced from the centre of core-shell nanocrystals leads to good 
separation between the impurity, the surface and other impurities, thus affecting 
the competition between radiative and non-radiative pathways in the nanocrystals 
[207, 208]. 
Recently, Mn2+ was successfully incorporated into previously undopable 
CdSe nanocrystals [209, 210]. The doping process is governed by growth kinetics 
and the initial adsorption of Mn2+ on the nanocrystal surface is critical for this 
doping, (it is determined by surface morphology, nanocrystal shape, and 
surfactants in the growth solution) [209]. Recent progress in doped nanocrystal, 
theories concerning the doping process and effect of dopant on the optical and 
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electronic properties of the host crystals can be found in the latest review article 
[211]. 
Most recently, a new method has been developed to dope InAs QDs with 
metal impurities, such as Ag, Cu, and Au, enabling control of the bandgap and 
Fermi energy [212]. Both p-type and n-type nanocrystals were realised by 
respectively introducing Ag and Cu impurities into InAs QDs using this method 
and their optical and electronic properties were investigated [212]. 
1.7.2 Recent developments of ZnS:Mn2+ and PbS QDs 
In 1994, Bhargava reported the first Mn-doped ZnS nanocrystals with a 
size range from 3.5 to 7.5 nm and the luminescence efficiency due to the surface 
passivation from UV-cured polymerization [194]. Thereafter great research effort 
has been attracted into this field. ZnS:Mn2+ nanoparticles (ca. 3.5 nm) have been 
prepared through aqueous reactions and are suggested as efficient low-voltage 
CL phosphors [213, 214]. The influence of synthesis conditions on the properties 
of ZnS:Mn2+ has been explored and an excess S2- was preferred for enhanced 
photoluminescence performance by filling the sulfur vacancies in the nanocrystals 
while the particle diameters increase from 3.7 to 5.1 nm when the precursor 
concentration shifts from an excess of Zn2+ to an excess of S2- [215]. Water 
soluble ZnS:Mn2+ QDs of high luminescence efficiency (up to 50% in water) has 
been obtained by thiol ligands exchange for applications in light emitting diodes 
and biomedical labels [206]. Srivastava et al developed a simple colloidal 
synthetic technique for highly luminescent (quantum yield > 50%) ZnS:Mn2+ QDs 
in gram scale [216]. Moreover, the QDs can be transferred to water by usual 
methodology while retaining high quantum yield (> 30%) [216]. 
Core-shell structures based on ZnS:Mn2+ core coated with different 
inorganic layers have been explored. Influences of UV light treatment and ZnS 
coating on the luminescence properties of ZnS:Mn2+ QDs were investigate [217]. 
Both UV light treatment and ZnS coating can reduce the non-radiative transition 
and lead to luminescence enhancement [217]. Ethiraj et al [218] reported 
enhancement on luminescence intensities of ZnS:Mn2+ QDs (~1.7nm) when 
coated with SiO2 together with significant increase in particle diameters (up to 
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900nm). Karar et al introduced a method to synthesize ZnS:Mn2+ QDs with ZnO 
capping layers of tailored thickness and suggested the resultant stress from ZnO 
capping layers yields enhancement on luminescence intensity/efficiency of the 
ZnS:Mn2+ QDs (~4nm) [219]. 
Recent developments on PbS QDs are mostly driven by the demand for 
utilisation of the solar energy in the IR region (>700nm), which takes up nearly 
one half of the solar energy reaching earth’s surface [220], to improve the 
performance of the photovoltaic devices [220-222]. In 2005, McDonald et al [223] 
demonstrated the first IR photovoltaic devices on the basis of solution-processible 
nanocomposites of PbS QDs in poly[2-methoxy-5-(2’-ethylhexyloxy-p-
phenylenvinylene)] (MEH-PPV). However, the efficiency is very low (～0.006% 
short-circuit internal quantum effciency). In a subsequent work by Zhang et al, 
planar Schottky photovoltaic devices were prepared from octylamine capped PbS 
QDs to improve the IR photovoltaic efficiency [220]. The device shows 160 times 
more current at -1V bias and a thermal annealing procedure leads to respectively 
200-fold and 600-fold increase in short circuit current and maximum power output, 
and a 10 times faster response time due to the more efficient charge separation 
and the improved electron transport properties [220]. Johnston et al [222] 
reported planar, stackable PbS nanocrystals photovoltaic devices with up to 4.2% 
IR power conversion efficiency (3-fold improvement over previous results) and 1.8% 
solar power conversion efficiency.    
PbS QDs also find application in light-emitting diodes (LEDs). The first 
paper on PbS QDs based light-emitting devices appeared in 2003. Single layer 
devices based on mixtures of PbS QDs with MEH-PPV or poly[2-(6-cyano-6’-
methylheptyloxy)-1,4-phenylene] were reported with tuneable EL spectra across 
the range of 1000 to 1600nm [224]. The EL intensity of the PbS QDs capped with 
octylamine is much higher than those capped with oleic acid due to the 
suppression of either Förster energy transfer or direct carrier transfer energy from 
the polymer to the QDs because of the longer carbon chains of oleic acid [224]. A 
highly efficient EL device with an external quantum efficiency of 1.15% 
corresponding to an internal quantum efficiency of ~5% to 12% was 
demonstrated on the basis of butylamine capped PbS QDs [225]. The high 
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quantum efficiency is attribute to the direct generation of the excited state of the 
nanocrystals, thus eliminating detrimental competing processes [225]. Most 
recently, bright IR LEDs with radiances (6.4 W sr-1 m-2) 8-fold higher and external 
quantum efficiencies (2.0%) twice higher than previous results were fabricated 
[226]. By tuning the distance between adjacent PbS QDs good control over the 
exciton dissociation and recombination events were realised leading to high light 
output and quantum efficiency [226]. 
Photodiodes with infrared sensitivities were proposed for cost-effective 
imaging. In 2009, Rauch et al reported the fabrication of hybrid bulk 
heterojunction photodiodes containing PbS QDs as sensitizers for NIR (up to 
1800 nm) detection with high external quantum efficiency (up to 51%) and 
demonstrated for the first time NIR imaging with hybrid photodiodes [227]. Pal et 
al fabricated p-n junction photodiodes with up to 80% external quantum efficiency 
and significant reduction on the dark current, in which the photoactive layer is 
made from PbS QDs [228].  
1.7.3 QDs for white LEDs 
QDs are promising candidates for creating a new generation of 
electroluminescence devices due to their unique optical properties, such as photo 
and chemical stability, narrow emission bandwidth, long lifetime, and high PL 
quantum efficiencies. Moreover their emission colour can be controlled not only 
by the material choice but also by the precise control over particle size which can 
be easily achieved during the synthetic procedure. The last decade has witnessed 
impressive progress on QDs based LEDs: the external quantum efficiency has 
improved by over 100-fold and high colour saturation is now the routine. Review 
articles concerning recent developments in the field of QDs based LEDs have 
been published [185, 229-231].  
One of the conventional methods to approach white LEDs is the colour-
conversion technique [232, 233]. The colour conversion method is based on the 
appropriate blend of various colours of nanocrystals, which are often of high 
quantum efficiency [232, 234] and usually excited with blue/UV LED chips. Jang 
et al incorporated multishell-structured CdSe/ZnS/CdSZnS (green) 
CdSe/CdS/ZnS/CdSZnS (red) QDs into blue LEDs and fabricated white LEDs for 
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display backlights, yielding high external quantum efficiency (up to 72% for the 
green and 34% for the red QD-LEDs) and long lifetime (>2200 hours) under 
ambient conditions [235]. The white LEDs with the 1931 CIE colour coordinates of 
(0.24, 0.21) was successfully integrated in a 46 inch LCD TV panel to 
demonstrate excellent colour [235]. 
 Another benefit from the colour-conversion white LED is that the efficiency 
can be enhanced (up to 82% [236]) utilising non-radiative energy transfer. The 
mechanism was theoretically demonstrated by Basko et al [237] and realized in 
the laboratory by Achermann et al [238]. To allow the non-radiative energy 
transfer process to take place, the nanocrystal core must be in close contact with 
the pumping source (less than 5 nm) [237]. 
Doped nanocrystals show great potential to serve as light converters in 
white LEDs due to their low self-absorption, high thermal and chemical stability 
and high resistance to photo-oxidation [231]. Zn1-xCdxS:Mn
2+/ZnS QDs with core-
shell structures were investigated and employed as light converter for near-UV 
and blue LEDs, yielding orange and white light emission respectively [195, 239]. 
1.8 Current research and results 
In the following chapters research carried out in the Wolfson Centre for 
Materials Processing at Brunel University is reported and discussed. The 
methodologies used to prepare the phosphor particles and characterization 
techniques are described in details in Chapter 2.  The areas of phosphor research 
that are covered are listed below along with the chapter numbers: 
 Chapter 3 Luminescent properties of RE3+ doped Y2O2S phosphors; 
 Chapter 4 Luminescent properties of Gd2O2S:RE
3+ phosphors; 
 Chapter 5 Upconversion luminescence of RE3+ activated Y2O2S and 
Gd2O2S phosphors; 
 Chapter 6 Luminescence investigation of the novel ZnS:Mn based 
QDs for new applications. 
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Chapter 2 Experimental 
2.1 Introduction 
In this chapter, methodologies used to prepare nanometre-sized rare earth 
doped phosphor powders and quantum dots are described, respectively. 
Rare earth ions (RE3+) activated phosphor lattices were prepared through 
a typical two-step process:  
Firstly, submicron spherical precursor powders were obtained using the urea 
homogeneous precipitation method. The spherical particle morphology is 
achieved because the precipitate is non-crystalline so that the material assumes a 
spherical shape to reduce its free energy. 
Secondly, the resulting non-crystalline precipitates were converted to oxide or 
oxysulfide phosphors through appropriate firing treatments.  
In this way, RE3+ (RE= Dy, Pr, Tb, Er, or Eu) ions were doped into Y2O2S 
and Gd2O2S phosphor lattices. Their luminescent properties were then 
characterised. 
Quantum dots (QDs) are semiconductor nanoparticles that efficiently emit 
a specific colour of light when excited with radiation of the required energy. They 
have attracted continuing increasing interest for their unique properties [240-244]. 
In this chapter ZnS:Mn QDs were prepared by aqueous reactions using a 
surfactant induced highly ordered structure as soft template to embed into gallium 
nitride LEDs based on photonic crystals. ZnxCd1-xS:Mn QDs and PbS QDs were 
prepared using a similar method. 
Phosphors have wide applications in many fields, which depend on both 
their luminescence properties and their morphology properties. Instrumentation 
and techniques used to characterise the resulting phosphors are also described in 
detail in this chapter.  
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2.2 Preparation of RE3+ doped yttrium oxides and yttrium 
oxysulfides  
Spherical hydroxycarbonate phosphor precursor powders were prepared 
using the urea homogeneous precipitation method [84, 111, 245], which is a novel 
way to prepare ultrafine particles [112, 113, 246, 247]. Urea decomposes into 
ammonia and carbon dioxide at a relatively slow rate in aqueous media when the 
solution is heated to temperature above 85 ˚C. The precipitation process is 
controlled by a single nucleation event and uniform growth of the nuclei results in 
particles of uniform shape and size. Formation of many nuclei is ensured by rapid 
and constant agitation. It worth noting that to obtain fine precipitation particles it’s 
usually preferred to heat the solution at higher temperature. For precursors of 
yttrium oxide and yttrium oxysulfide, the chemical reactions to obtain precursors 
are given below: 
H2NCONH2 → NH4
+ + OCN- 
OCN- + 2 H+ + 2 H2O → H2CO3 + NH4
+ 
[YOH(H2O)n]
2+ + H2CO3 → Y(OH)CO3 · H2O + (n-1) H2O 
2.2.1 Preparation of Y2O3:Dy
3+ phosphor particles 
Y2O3 (Ampere Industries (French), 99.99%) and Dy2O3 (Aldrich, 99.99%) 
were used as starting materials, both used as received with no further purification. 
To make Y(NO3)3 (0.5 M) stock solution, 56.45 g Y2O3 was dissolved in a 
certain amount (~20-30 ml) of diluted nitric acid (Sigma-Aldrich, 70%) to give the 
rare earth nitrate solution. The solution was carefully transferred to a 1 litre 
volumetric flask and then the pH value was adjusted to 2-3 by carefully adding 
deionised water or dilute nitric acid. Dy(NO3)3 (0.01 M) stock solution was 
prepared using the same method. 
The synthesis of Y2O3:Dy
3+ nanometre sized particles is a two stage 
process: firstly, Dy3+ doped yttrium hydroxycarbonate precursor Y(OH)CO3:Dy
3+ 
was prepared using the urea homogeneous precipitation method and then the 
40 
 
following sintering treatment to convert it to oxide phosphor particles was carried 
out.  
In a typical experiment, 25 ml of Y(NO3)3 stock solution was mixed with 
Dy(NO3)3 stock solution in suitable quantities (the amount used depends on the 
doping concentration needed) before being diluted to 500 ml in a 1 litre beaker 
with deionised water. 30 g urea was added to the solution and boiled on a hot 
plate. The solution was kept over 85˚C for 1 hour since turbidity was first 
observed then filtered without cooling. The precipitates were washed twice with 
deionised water. Soft, white powders were obtained after the precipitates were 
dried at 100 ˚C for 24 hours in an oven. The whole procedure is illustrated in the 
flow diagram in Figure 2.1. 
 
Figure 2.1 Synthesis procedure for Y(OH)CO3:Dy
3+ precursors 
To convert the precursors to Y2O3:Dy
3+, the precursor powders were 
transferred to an alumina crucible and fired at 900˚C for 1 hour. The samples 
were cooled in air to room temperature before washed with deionised water. 
White powders were obtained after drying at 100˚C for 24 hours. 
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2.2.2 Preparation of Y2O2S:Dy
3+ phosphor particles 
Precursors were prepared using the same method detailed above. To 
obtain Y2O2S:Dy
3+ particles, the precursor powders were treated with a procedure 
previously reported by our group [17]. The procedure is as follows: precursor 
powders were mixed evenly with Na2CO3 and S before being transferred into a 
cylindrical crucible, then the mixture was covered with a top layer composed of 
Y2O3, Na2CO3 and S (mole ratio: precursor:Y2O3:Na2CO3:S=1:1:1.5:2). The top 
layer was used to shield the sample from oxygen and guarantee the necessary 
inert atmosphere to obtain oxysulfide particles [79]. The sample was fired at 900 
˚C for 1 hour. The chemical reaction of the Y2O2S:Dy
3+ phosphor is as follows: 
 2 Y(OH)CO3:Dy
3+ ·H2O + 3 Na2CO3 + 4 S 
             → Y2O2S:Dy
3+ + 4 CO2 + SO2 + 3 Na2O +2 H2O + H2S 
The crucible was cooled to room temperature in the air after the firing 
process. The bottom layer was separated from the top layer and put into a beaker 
containing 100ml deionised water. The solution was boiled on a hot plate and 
kept at 100˚C for 20 minutes. The solution was filtered when it was cooled down 
to room temperature. White powders were obtained after the precipitates were 
dried at 100˚C for 24 hours in an oven. 
2.2.3 Preparation of Y2O2S:Pr
3+ phosphor particles 
Pr(NO3)3 (0.01 M) stock solution was prepared using the same method 
described in 2.1.1 with Pr2O3 (Aldrich, 99.9%) as a starting material. The urea 
homogeneous precipitation method was used to prepare Y(OH)CO3:Pr
3+ 
hydroxycarbonate sub micrometre phosphor precursor powders.  
25 ml of Y(NO3)3 (0.5 M) stock solution was mixed with the appropriate 
amount of Pr(NO3)3 (0.01 M) stock solution and then diluted to 500 ml with 
deionised water. The solution was kept boiling on a hot plate before 30 g urea 
was added to it. After turbidity can be observed, the solution was left for 1 hour. 
The precipitates were filtered and washed twice with deionised water. The 
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precipitates were dried at 100˚C for 24 hours yielding white, soft powders which 
were converted to oxysulfides by the sulfurization procedure described in 2.1.2. 
2.2.4 Preparation of Y2O2S:Tb
3+ phosphor particles 
Tb(NO3)3 stock solution were obtained by dissolving Tb2O3 (Aldrich, 
99.99%) in dilute nitric acid until the solution reached pH 3. Y(OH)CO3:Tb
3+ 
hydroxycarbonate precursor powders were prepared using the urea 
homogeneous precipitation method: 25 ml of Y(NO3)3 (0.5 M) stock solution was 
mixed with a proper amount of Tb(NO3)3 (0.01 M) stock solution (the amount 
varies from 1.25 ml to 131.6 ml dependent on the doping concentration required) 
and then diluted to 500 ml with deionised water before the solution was heated on 
a hot plate. 30 g urea was added to the solution when it was boiling and left for 1 
hour since it turned milky white, which indicates the decomposition of urea and 
formation of the nuclei required for precipitation. The precipitates were filtered and 
washed twice with deionised water and then dried at 100˚C for 24 hours yielding 
white, soft powders. 
The precursor powders were blended with Na2CO3 (Sigma, ≥99.0%) and S 
(Aldrich, ≥99.99 %) to give an even mixture which was covered with a top layer 
composed of Y2O3, Na2CO3 and S. The mole ratio of the 
precursors/Y2O3/Na2CO3/S was 1/1/1.5/2. After firing at 900˚C for 1 hour, the top 
layer was discarded and the bottom layer was washed in boiled water for 20 
minutes before the precipitates were filtered. The precipitates were dried at 100˚C 
for 24 hours to yield soft, white powders. 
2.2.5 Preparation of Y2O2S:Eu
3+ phosphor particles 
Y2O2S:Eu
3+ phosphor particles were prepared by a similar process. The 
urea homogeneous precipitation method was used to prepare Y(OH)CO3:Eu
3+ 
hydroxycarbonate precursor powders: Eu2O3 (Aldrich, 99.99%) was used as a 
starting material to prepare Eu(NO3)3 (0.01 M) stock solution. 25 ml of Y(NO3)3 
(0.5M) stock solution, and 25.2 ml of Eu(NO3)3 (0.01 M) stock solution were mixed 
in a 1 litre beaker and then diluted to 500 ml with deionised water. The solution 
was kept boiling on a hot plate before 30 g urea was added to it. After turbidity 
can be observed, the solution was left for 1 hour. The precipitates were filtered 
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and washed twice with deionised water. The precipitates were dried at 100˚C for 
24 hours yielding white, soft powders which were converted to the oxysulfides 
through sulfurization treatment. The final Y2O2S:Eu
3+ phosphor contains 2 mol % 
Eu3+. 
2.2.6 Preparation of Y2O2S:Tb
3+, Er3+ phosphor particles 
Two kinds of terbium and erbium co-doped yttrium oxysulfides were 
prepared using the urea homogeneous precipitation method: one is denoted Y2-y-
xTbyErxO2S and the other Y2-x-yTbxEryO2S, where x = 0.01 and y = 0.0005, 0.001 
or 0.002.  
In a typical experiment, 25 ml of Y(NO3)3 (0.5 M), 12.6 ml of Tb(NO3)3 
(0.01 M) and 1.26 ml of Er(NO3)3 (0.01 M) were mixed and diluted to 500 ml with 
deionised water. The solution was stirred and heated to 100˚C before 30 g urea 
was added. The solution turned turbid in about 15 minutes after urea was added 
and was left to stand for 1 hour and then filtered without cooling. White, soft 
phosphor precursor powders were obtained when the precipitates were dried at 
100˚C for 24 hours.  
The as-prepared precursor powders were mixed with Na2CO3 and S to 
give an even blend which was covered with a top layer of Y2O3, Na2CO3 and S 
(mole ratio: Precursor/Y2O3/Na2CO3/S=1/1/1.5/2). After firing at 900˚C for 1 hour, 
the top layer was discarded while the bottom layer was washed in boiled water for 
20 minutes before filtration. The precipitates were dried at 100˚C for 24 hours 
giving white powders. 
2.3 Preparation of RE3+ doped gadolinium oxysulfides  
2.3.1 Preparation of Gd2O2S:Dy
3+ phosphor particles  
Gd2O3 (Ampere Industries (French), 99.99%) and Dy2O3 (Aldrich, 99.99%) 
were used as starting materials. Gd(NO3)3 (0.5 M) and Dy2O3 (0.01 M) stock 
solutions were prepared by respectively dissolving Gd2O3 and Dy2O3 in dilute 
nitric acid until the solution reached pH 3. 
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Gd(NO3)3 and Dy(NO3)3 solutions were mixed thoroughly in the 
stoichiometries needed to reach the required doping concentration of Dy3+. The 
solution was diluted to 500 ml and heated on a hot plate with vigorous stirring. 30 
g urea was added to the solution when it turned turbid and then it was left for 1 
hour. The white precipitates were filtered, washed twice with deionised water and 
dried at 100˚C to give soft precursor powders. 
The precursor powders were mixed thoroughly with Na2CO3 and S before 
being transferred to a cylindrical crucible. Then it was pressed firmly and covered 
with a top layer obtained by mixing Gd2O3, Na2CO3 and S. The mole ratio of the 
precursors/Gd2O3/Na2CO3/S is 1/1/1.5/2. After the mixed powders were fired at 
900˚C for 1 hour, the crucible was cooled to room temperature in the air. The top 
layer was discarded and the bottom layer was washed in boiled water for 20 
minutes before filtration. The precipitates were dried at 100˚C to give white 
phosphor powders. 
2.3.2 Preparation of Gd2O2S:Tb
3+ phosphor particles 
The urea homogeneous precipitation method was used to prepare 
Gd(OH)CO3:Tb
3+ hydroxycarbonate precursor powders. 25 ml of Gd(NO3)3 (0.5 M) 
stock solution was mixed with a proper amount of Tb(NO3)3 (0.01 M) (the amount 
varies from 1.25 ml to 131.6 ml dependent on the doping concentration required) 
stock solution before being diluted to 500 ml with deionised water. The solution 
was boiled before 30 g urea was added to it under continuous stirring. When 
turbidity was observed the solution was left above 85˚C for 1 hour. The 
precipitates were filtered and washed twice with deionised water before being 
dried at 100˚C to yield white, soft powders. 
The as-prepared precursor powders were mixed thoroughly with Na2CO3 
and S and covered with a top layer composed of Gd2O3, Na2CO3 and S, in which 
the mole ratio of the precursors/Gd2O3/Na2CO3/S is 1/1/1.5/2. After sintering at 
900˚C for 1 hour, the bottom layer was washed in boiled water for 20 minutes. 
The precipitates were filtered and washed twice with deionised water before being 
dried at 100˚C to give white phosphor powders. 
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In addition, some of the obtained phosphors were re-fired at 1100˚C. An 
alumina boat containing the required amount phosphor powders were placed in 
the bottom of a quartz tube and fired at 1100˚C for 1 hour. The quartz tube was 
sealed with glass wool completely to ensure an oxygen-free atmosphere and 
purified nitrogen gas was passed through the system at a rate of 200 cm3 per 
minute during both the firing and the cooling periods.  
 
Figure 2.2 Schematic diagram of re-firing Gd2O2S:Tb
3+ phosphor powders. The 
red line indicates heated area. 
2.3.3 Preparation of Gd2O2S:Pr
3+ phosphor particles 
Nanometre-sized Gd2O2S:Pr
3+ phosphor powders were prepared by 
converting spherical Gd(OH)CO3:Pr
3+ hydroxycarbonate precursors obtained 
using the urea homogeneous precipitation method [33].  
To make the precursor powders, 25 ml of Gd(NO3)3 stock solution was 
mixed thoroughly with appropriate amounts of Pr(NO3) stock solution, which 
yields different doping concentrations of Pr3+ activators, before it was diluted to 
500 ml with deionised water. The solution was heated to boiling and then 30 g 
urea was added.  After turbidity was observed, the solution was left boiling for 1 h. 
The precipitates were filtered, washed twice with deionised water and then dried 
at 100˚C to give white soft powders. 
The precursor powders were mixed thoroughly with Na2CO3 and S before 
being transferred to a cylindrical alumina crucible. The blended mixture was 
pressed firmly and covered with a top layer obtained by mixing Gd2O3, Na2CO3 
and S. The mole ratio of the precursors/Gd2O3/Na2CO3/S is 1/1/1.5/2. After the 
mixture was fired at 900˚C for 1 hour, the crucible was cooled to room 
Alumina boat with phosphor powders Glass wool 
Gas tube 
N2  
Quartz tube 
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temperature in the air. The top layer was discarded and the bottom layer was 
washed in boiled water for 20 minutes before filtration. The precipitates were 
dried at 100˚C, giving white phosphor powders. 
The resulting Gd2O2S:Pr
3+ phosphor powders were also subjected to the 
re-firing treatment at 1100˚C using a similar method to that described in 2.2.2. A 
thin Gd2O2S:Pr
3+ phosphor layer was placed in an alumina boat and carefully 
pushed to the bottom of a quartz tube, which was then completely sealed with 
glass wool. The whole system was put in a tube furnace and fired at 1100˚C for 1 
hour with nitrogen gas flowing through the system during both the firing and the 
cooling periods.  
2.3.4 Preparation of Gd2O2S:Tb
3+, Er3+ phosphor particles 
Rare earth oxides Gd2O3, Tb2O3 and Er2O3 were used as starting materials 
for the preparation of nanometre-sized Gd2O2S:Tb
3+, Er3+ phosphor particles. 
Stock solutions were prepared by dissolving the rare earth oxides in dilute nitric 
acid until the solutions reached pH 3. Gd(NO3)3 stock solution is 0.5 M while the 
others are 0.01 M. Two kinds of phosphors were prepared with different doping 
concentration of activators, specifically different ratios of Tb3+ and Er3+ cations 
were used, which were respectively denoted Gd2-y-xTbyErxO2S
 and Gd2-x-
yTbxEryO2S, where x = 0.01 and y = 0.0005, 0.001, or 0.002.  
The urea homogenous precipitation method was used to prepare 
Gd(OH)CO3:Tb
3+, Er3+ hydroxycarbonate phosphor precursor powders. In a 
typical experiment, 25 ml of Gd(NO3)3, 12.6 ml of Tb(NO3)3 and 1.26ml of 
Er(NO3)3 stock solutions were mixed and diluted to 500 ml with deionised water. 
The resulting solution was heated to 100˚C on a hot plate and then 30 g urea was 
added with continuous stirring. After turbidity was observed, it was left above 
85˚C for 1 hour. The precipitates were filtered, washed twice with deionised water 
and dried at 100˚C to yield white soft powders. 
The precursor powders were mixed thoroughly with Na2CO3 and S before 
being transferred to a cylindrical alumina crucible. The blend was pressed firmly 
and covered with a top layer obtained by mixing Gd2O3, Na2CO3 and S. The mole 
ratio of the precursors/Gd2O3/Na2CO3/S is 1/1/1.5/2. After the mixture was fired at 
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900˚C for 1 hour, the crucible was cooled to room temperature in the air. The top 
layer was discarded and the bottom layer was washed in previously boiled water 
for 20 minutes before filtration. The precipitates were dried at 100˚C giving white 
phosphor powders. 
2.4 Preparation of quantum dots (QDs) 
An amphiphilic compound contains two immiscible hydrophobic parts (tails) 
and hydrophilic parts (heads) within the same molecule. When dissolved in water 
or other proper solvents such as methanol, toluene, amphiphilic compounds could 
self-assemble into highly ordered crystal structures through micro-segregation of 
the two incompatible components on a nanometre scale. Israelachvili defines the 
packing parameter of an amphiphilic molecule as p = v/la, in which a is the 
surface area of the head-group and v and l are the volume and length of the 
hydrophobic chains, respectively [248]. Amphiphilic molecules with p≤1/2 will 
spontaneously assembled into micellar aggregates upon dispersal in water. A 
spherical morphology which is thermodynamically stable will be formed as the 
concentration increases. A cubic phase could be formed by these spheres in 
some systems. The spheres may also be connected to one another, forming a 
bicontinuous cubic phase (BCP).  
QDs are synthesized using the bicontinuous cubic phases as nanometre 
sized reactors [213, 214, 249, 250]. Some surfactants could self-assemble into a 
mesoporous BCP of long-range 3D periodicity when mixed with water or non-
aqueous solvents. Specifically, the aqueous pores in the BCP are interconnected 
with neighbouring ones, which allow ions to diffuse from pore to pore without 
passing through the surfactant membrane barrier, making it an ideal choice for 
making mono-dispersed nanometre sized particles.  
2.4.1 Preparation of manganese doped zinc sulfide 
Nanoparticles of ZnS:Mn were synthesized using a similar method 
previously reported using ZnCl2 (BDH AnalaR, ≥96.0%) and MnCl2·4H2O (BDH 
AnalaR, ≥98.0%) as starting materials. 0.2 M of ZnCl2 and 1.6×10
-3 M of MnCl2 
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aqueous solution were obtained by respectively dissolving ZnCl2 and MnCl2·4H2O 
in deionised water.  
5 ml of ZnCl2 and 5 ml of MnCl2 aqueous solutions were mixed with sodium 
dioctyl sulfosuccinate (AOT, ≥99.0%, Sigma) in the ratio of 40 wt% aqueous 
solution and 60 wt% AOT. A transparent, viscous paste was formed after 24 
hours incubation, which was then injected into a 150 ml solution of 0.2 M 
Na2S·9H2O (≥99.99%, Aldrich) and 0.1 M NaCl (≥99.0%, Aldrich) through a 5 ml 
syringe. The supernatant was discarded 1h later. The specimen was washed with 
deionised water by centrifugation then twice with methanol (Sigma, 99.9%) before 
being dried in a vacuum oven at 50˚C for 24 hours. 
2.4.2 Preparation of lead sulfide 
PbS nanoparticles were prepared using a BCP as a matrix [249]. Pb(NO3)3 
(Aldrich, ≥99.99 %) was used as received. In a typical synthesis procedure, about 
1.5 g mixture of aqueous Na2S solution (21.5 wt %) and AOT (78.5 wt %) was 
prepared in a centrifugation tube followed by centrifugation. After a period of 
occasional stirring, it was left to incubate at room temperature for 24 hours giving 
a transparent but extreme viscous mixture. The mixture was taken up in a 5 ml 
syringe and extruded into aqueous 0.4 M Pb(NO3)3 solution in the shape of a 
cylinder of 2 mm in diameter. After 1 h, the cylinder was transferred to a clean 
centrifugation tube and washed with once with deionised water and twice with 
methanol by centrifugation, resulting in the precipitation of a dark brown PbS 
powder. 
2.4.3 Preparation of manganese doped zinc cadmium sulfide  
The Zn1-xCdxS:Mn particles were synthesized using a similar method 
previously reported in literature [213]. ZnCl2 (0.2 M), Cd(CH3COO)2 (0.2 M) and 
MnCl2 (1.6×10
-3 M) aqueous solutions were prepared by dissolving ZnCl2, 
(CH3COO)2Cd·2H2O (BDH AnalaR, 99%) and MnCl2·4H2O in deionised water, 
respectively. All the solutions were used straight after preparation. 
8ml 0.1 M of ZnCl2, 2 ml of 0.1 M Cd(CH3COO)2 (or with other proper 
Zn/Cd mole ratio) and 10 ml of 0.0016 M MnCl2 aqueous solutions were mixed 
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with sodium dioctyl sulfosuccinate (AOT) in the ratio of 40 wt% aqueous solution 
and 60 wt% AOT. A transparent, viscous paste was formed after 24 hours 
incubation.  The paste was injected to a 150 ml solution of 0.2 M Na2S·9H2O and 
0.1M NaCl. 1 hour later the supernatant liquid was discarded and the specimen 
was washed once with water by centrifugation, and then twice with methanol 
before it was dried in a vacuum oven at 50˚C for 24 hours. 
2.5 Instruments and sample preparation methodologies 
Phosphor powders were characterized with X-ray powder diffraction, 
scanning electron microscopy, transmission electron microscopy, Raman 
spectroscopy, photoluminescence and cathodoluminescence spectroscopy. 
Details about the instruments and sample preparation methodologies are 
described in the following sections: 
2.5.1 X-ray Powder diffraction 
X-ray powder diffraction (XRPD) was used to determine the crystal phase 
of the phosphor powders. Diffraction patterns of the samples were recorded using 
a Bruker D8 ADVANCE X-ray powder diffractometer using a copper source and 
LynxEyeTM silicon strip detector (Figure 2.3). The diffractometer was previously 
calibrated using an aluminium oxide line position standard from Bruker and the 
LaB6 NIST SRM 660a line profile standard. The emission of the nickel filtered Cu 
source, and hence the instrumental line broadening, was determined by fitting the 
NIST standard using Bruker TOPAS (total pattern analysis solution) version 3. 
The resulting XRPD patterns were refined and average size of crystallites were 
calculated using the TOPAS computer program.  
For all the rare earth doped phosphors, the powders were pressed in the 
middle of the sample holder to make a flat surface before put into the scanning 
chamber. All data were collected from 5˚ to 100˚ (2θ) for 35 minutes in the step 
scan mode. As for the QD samples, since the diffracted intensities from such 
nanocrystallites are generally weak, all data were collected from 20˚ to 65˚ (2θ) 
for 6 hours in the step scan mode. 
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Figure 2.3 Top: Bruker D8 ADVANCE X-ray powder diffractometer; Bottom left: 
Sample holder; Bottom right: sample scan. 
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2.5.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) is applied to characterise the micro-
morphologies of the RE3+ doped phosphors. An ultra high performance field 
emission scanning electron microscope, ZEISS SUPRA 35VP (Figure 2.4), was 
used to observe the microstructures of the surfaces of the phosphor powders and 
to record the images. The microscope is equipped with both high-vacuum and 
variable operating pressure capability.  The field emission source and Gemini 
column in this instrument result in a very high resolution capability while the 
variable pressure system enables imaging and analysis of samples in their natural 
state which allows non-destructive examination of environmentally sensitive 
samples as well as insulating samples. 
 
Figure 2.4 ZEISS SUPRA 35 VP scanning electron microscope 
The SEM samples were prepared as follows: A tiny amount of phosphor 
powder was dispersed in isopropyl alcohol (IPA) by ultra-sonication. A few drops 
of the solution were spread on the surface of aluminium stub before it was dried 
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for about 10 min to give a clean and dry phosphor layer. Samples are coated with 
gold nanoparticles using a POLARON SPUTTER coater (see Figure 2.5) before 
being placed in the chamber for observation. The standard coating procedure is 
as follows: Ensure argon gas supply was on before placing the samples in the 
vacuum chamber. Shut the coater lid and press the manual button. Set coating 
time and voltage as 30 seconds and 1.5 kV respectively before starting the pump 
by pressing Start Sequence button. Once the leak valve LED which will flash 
initially is lit, press the start on timer to start coating. The coating is completed 
when the end LED lights up. On completion, press the red VENT/STOP and keep 
it pressed in, which will automatically stop the pump. Wait for the chamber to 
pressurize. Remove samples, shut chamber lid and switch off the argon gas. 
 
Figure 2.5 POLARAN SPUTTER coater 
 
2.5.3 Transmission electron microscopy 
Transmission electron microscopy (TEM) was carried out with a JEOL 
JEM-2000FX electron microscope equipped with a CCD camera (see Figure 2.6). 
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The instrument uses LaB6 as the electron gun and the applied accelerating 
voltages could be up to 200kV. 
 
Figure 2.6 JEOL JEM-2000FX transmission electron microscope. 
Samples for TEM were prepared using the same method described as 
follows except for the PbS QDs: a tiny amount of the QD particles was dispersed 
in methanol by ultra-sonication and a drop of the solution was spread on the 
surface of a carbon-coated copper grid. When the methanol was completely 
vaporised the grid was gently put into the chamber for characterization. 
As for the PbS QDs, The Langmuir-Blodgett technique [249] was used to 
prepare monolayers of PbS nanocrystals for the TEM studies: Freshly made PbS 
QDs powders were dispersed in methanol by ultra-sonication before an excess n-
dodecanethiol solution was added with vigorous shaking. After around 10 minutes, 
dark PbS powder was recovered through centrifugation and washed twice with 
methanol by centrifugation. To obtain the monolayers needed, a few drops of 
thiol-capped PbS QDs in chloroform were spread on the surface of deionised 
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water. Patches of thin film formed on the surface of the water were then carefully 
transferred onto the copper grids.  
2.5.4 Raman spectroscopy 
Raman spectroscopy was obtained using a HORIBA JOBIN YVON 
LabRAM HR800 spectrometer (Figure 2.7). The instrument has a built-in He-Ne 
20 mW laser of 632.8 nm wavelength, which is polarized at 500:1. Also there are 
two external lasers available: an Ar+ green laser of 514.5 nm wavelength and 
infrared laser of 1064 nm wavelength. One air-cooled CCD detector is set for 
collecting signals in the visible light region and one liquid nitrogen cooled CCD 
detector for those in the infrared region. 
The 1064 nm infrared laser is chosen as exciting source to obtain Raman 
spectra of QD nanoparticles to avoid disturbance of luminescent emissions. The 
632.8 nm red laser is used to observe upconversion emissions from rare earth 
doped phosphors. Before recording a spectrum, some preparation procedures are 
carried out as follows: Select the right laser by changing the mirror positions and 
enter the wavelength value in the LabSPEC software. Choose a suitable grating 
and position the spectrometer to collect in the suitable Raman/PL emission range.  
A standard silicon sample is used for calibration: the vision image function 
in the LabSPEC is used to help focus the laser. Correct focus is reached when 
the reflected spot on the sample is the most concentrated. Then click the 
‘autocalibration’ button within LabSPEC, the calibration would be automatically 
done. The Si ν1 line should centre at 520.7 cm-1 for a good calibration. 
Phosphor powders were placed on a silica slide with slight pressure to give 
a flat surface before it was placed on the microscope stage. Once calibration was 
carried out, the laser was focused on the sample. Multi-window accumulation 
mode was used to record the spectra. For Raman spectra, data are collected 
from 100 cm-1 to 1000 cm-1. For upconversion PL emission spectra, data are 
collected from 400 nm to 900 nm. 
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Figure 2.7 HORIBA JOBIN YVON LabRAM HR800 Raman microscope. Top: 
Front view; Bottom: External green and infrared lasers.  
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2.5.5 Photoluminescence spectroscopy 
Photoluminescence (PL) spectroscopy is used to study the luminescence 
properties of both rare earth doped phosphors and QDs.  
PL excitation and emission spectra of rare earth doped phosphors were 
recorded using a Bentham phosphor research spectrometer incorporated with 
BenWin+ software (Figure 2.8). Emission spectra were recorded from 300 nm to 
800 nm using 254 nm UV light as exciting source while the excitation spectra for 
each phosphor were recorded by monitoring the dominant emission peak. 
 
Figure 2.8 Bentham phosphor research spectrometer.  
PL emission and excitation spectra of QDs were recorded using a HORIBA 
YOBIN YVON Flurolog®-3 spectroflurometer (Figure 2.9). QD suspensions were 
prepared by dispersing QDs particles in methanol. In order to improve the 
dispersion, the suspensions were vibrated in an ultrasonic bath for several 
minutes. Data were collected by the FluroEssence software. 
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Figure 2.9 HORIBA YOBIN YVON Flurolog®-3 spectroflurometer.  
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2.5.6 Cathodoluminescence instrument and measurments 
Cathodoluminescence (CL) spectroscopy was also used to study the 
luminescent properties of the rare earth doped phosphors. The samples for CL 
measurement were prepared using electrophoresis to coat the phosphor particles 
onto aluminium stubs [84]. Isopropanol (IPA) with 5×10-4 M Mg(NO3)2 was used 
as an electrolyte solution. Phosphor suspensions were made by dispersing small 
amounts of phosphor powders (~0.5g/50mL) into the electrolyte solution through 
ultrasonication. The electrophoresis voltage used was 150 V and coating time 
was varied from 2-10 minutes to guarantee a choice coating thickness of 3 
mg/cm2.  
In order to collect the low voltage (up to 5kV) CL data, the coated Al stubs 
were placed into a chamber, which was evacuated to a pressure of approximately 
10-6 torr. An EGPS-7H electron gun from Kimbal Physics Inc. (Walton, NH, Figure 
2.10) was used as excitation source. For the luminance measurement, the E-
beam was controlled by a pulse generator Thandar TG503, the E-beam size was 
set at 1.41 mm in diameter. A Photo Research Prichard PR800 photometer was 
used to measure luminance. In order to record the CL spectra, a 10 mm in 
diameter defocused beam was used. A Bentham monochromator detector system 
(Figure 2.11) was used to record CL spectra and calculate the CIE coordinates 
(The CIE 1931 standard for colorimetry). 
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Figure 2.10 Kimbal Physics Inc. EGPS-7H electron gun (bottom).  
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Figure 2.11 Bentham monochromator detector system. 
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Chapter 3 Luminescent properties of RE
3+
 
doped Y2O2S phosphors 
3.1 Introduction 
In the last few decades the Y2O2S lattice has attracted increasing interest 
from both theoretical scientists and industrial researchers. Struck and Fonger 
estimated the band gap energy Eg to be 4.6 eV through the study of charge 
transfer states of certain rare earth activators in the oxysulfide system  [251]. 
Mikami and Oshiyama calculated the electronic structure and intrinsic point 
defects of Y2O2S using first-principle methodologies [104, 252]. Itoh and Inabe 
proposed a much higher estimated band gap of 6.77 eV compared to previous 
measurements of 4.6-4.8 eV after measuring reflectivity spectra of single crystals 
of Y2O2S in the energy range of up to 30 eV using synchrotron radiation [253]. Li 
and Ahuja calculated the electronic structure, elastic constants and dielectric 
function of Y2O2S by means of an accurate first-principles method using the full 
potential linear muffin-tin orbital method [254]. The calculated band gap of 3.0 eV 
is consistent with that from Mikami and Oshiyama.  
In general practice, europium doped Y2O2S has been widely used in 
cathode ray tubes (CRTs) since phosphorescence was discovered in europium 
doped materials [105, 255].  
In this chapter, the luminescent properties of Y2O2S:RE
3+ (RE= Dy, Pr, Tb) 
nanometre sized phosphor particles are presented and discussed for the further 
understanding of the Y2O2S host matrix. X-ray powder diffraction (XRPD) and 
scanning electron microscopy (SEM) results are examined to discuss effects of 
various doping concentration on crystal structure and micro morphologies of the 
resulting phosphors. PL and CL spectra were recorded for luminescence study. 
Effects of various doping concentration on luminescent properties are discussed.  
3.2 Crystal structures 
The crystal structure of Y2O2S is trigonal and the space group determined 
by X-ray diffraction is P3m1 [69]. The lattice parameters are a = 0.37 nm and c = 
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0.65 nm, respectively. There is one molecule per unit cell, each yttrium atom is 
coordinated by four oxygen atoms and three sulfur atoms as its nearest 
neighbours (see Figure 3.1). The site symmetry of the Y3+ cations is C3v (3m) [76]. 
When doped with rare-earth ions, the Y3+ sites are usually occupied with rare-
earth ions [82, 256, 257], which probably results from the fact that the ionic radii 
of RE3+ cations are slightly greater than those of the Y3+ cations. 
 
Figure 3.1 Schematic diagrams of the Y2O2S crystal unit cell. 
X-ray powder diffraction (XRPD) was used to identify the crystal structure 
of the Y2O2S:RE
3+ phosphor powders. Diffraction data over 2θ range from 5 ˚ to 
100 ˚ (5˚ to 70˚ for Y2O2S:Dy
3+) were recorded using an X-ray diffactometer. 
XRPD patterns of the Y2O2S:RE
3+ particles fired at 900˚C are shown in Figure 3.2. 
The XRPD patterns are identical to the hexagonal Y2O2S:Eu
3+ crystal phase 
previously reported in the literature [256], which indicates the Y3+ cations were 
substituted by RE3+ cations in Y2O2S:RE
3+ particles. It is also worth noting that 
occasionally extra peaks assigned to Y2O3 crystallites could be observed in the 
XRPD patterns, which are a natural result from the residual Y2O3 particles used in 
top layers while converting as-prepared precursor powders to oxysulfides.  
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Figure 3.2 XRPD patterns for the Y2O2S:RE
3+ (RE=Dy, Pr, and Tb) particles fired 
at 900˚C. 
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The effective doping concentration for the RE3+ ions is up to 10%. Yet no 
peak shift in XRPD patterns could be observed, indicating that various doping 
concentration of RE3+ cations at this level has no detectable effect on the crystal 
structure of Y2O2S:RE
3+ nanocrystals. This phenomenon could be fairly 
reasonable considering the closely similar ionic radii of Y3+ cation and RE3+ 
cations ( ionic radii of Y3+, Dy3+, Pr3+ and Tb3+ are 0.104 nm, 0.1052 nm, 0.113 
nm, 0.1063 nm, respectively). Structural parameters were calculated from XRPD 
data using the TOPAS analysis system and the estimated results are listed in 
Table 3.1. 
Table 3.1 Structural parameters of Y2O2S:RE
3+ calculated from XRPD data. 
RE3+ a (Å) c (Å) crystal size (nm) 
Dy3+ 3.7859 6.5892 117.8 
Pr3+ 3.7867 6.5910 145.1 
Tb3+ 3.7856 6.5880 128.2 
Y2O2S [104] 3.750 6.525 — 
 
3.3 Morphological Characterizations 
The morphologies of the Y2O2S:RE
3+ nanocrystals were examined using a 
field emission scanning electron microscope (FE-SEM). The morphologies of the 
Y2O2S:Dy
3+ nanocrystals fired at 900˚C are demonstrated by SEM images as 
shown in Figure 3.3. It can be observed in Figure 3.3 (a) that most of the 
Y2O2S:Dy
3+ phosphor powders are of roughly spherical shapes and some 
particles are agglomerated into larger size particles. Some well-separated 
Y2O2S:Dy
3+ particles are shown in Figure 3.3 (b), suggesting that the crystallites 
of most particles are around 100 nm, which is consistent with the estimated 
structural parameters from the XRPD results. 
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Figure 3.3 SEM images of Y2O2S:Dy
3+ particles fired at 900˚C. 
Crystallite sizes of most Y2O2S:Pr
3+ particles are between 100 nm and 150 
nm as can be seen in Figure 3.4 (b) although some agglomeration can be 
observed in some regions in Figure 3.4 (a). Clear differences from those of the 
Y2O2S:Dy
3+ particles are apparent, the shapes of Y2O2S:Pr
3+ crystallites are more 
irregular. Crystallites of plates, column and quasi-spherical shapes can be 
observed, which must result from the combustion process for converting 
precursor powders to oxysulfide phosphors and partial aggregation of Na2CO3 in 
the blend mixture [258, 259].  
 
Figure 3.4 SEM images of Y2O2S:Pr
3+ particles fired at 900˚C. 
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From the SEM images presented in Figure 3.5(a) of the Y2O2S:Tb
3+ 
phosphor particles, it can be seen that they exhibit smooth and well-formed 
crystalline forms although there is obviously some agglomeration. Most of the 
particles have sphere-like shapes except for some pillar-like particles. Crystallite 
sizes of Y2O2S:Tb
3+ phosphor powders are in line with those of Y2O2S:Dy
3+ and 
Y2O2S:Pr
3+ phosphors obtained using the same preparation method. Most of 
them are around 100 nm. 
 
Figure 3.5 SEM images of Y2O2S:Tb
3+ particles fired at 900˚C. 
3.4 Photoluminescence properties of Y2O2S:RE
3+ 
PL emission spectra were collected over the range from 400 nm to 800 nm 
for 1 mol% RE3+ (RE= Dy, Pr) doped Y2O2S and for Y2O2S:Tb
3+ in the range from 
300 nm to 700 nm at room temperature and are presented in Figure 3.6. The 
assignments for the RE3+ transitions were made by comparisons with data from 
the literature for RE3+ ions [70]. Four emission bands from the Y2O2S:Dy
3+ 
particles can be observed in Figure 3.6 (a). The predominant yellow emission 
band centred at 577 nm originates from the transition of 4F9/2 → 
6H13/2, the blue 
emission band centred at 486 nm could be assigned to transition of 4F9/2 → 
6H15/2, 
and two weak emission bands at 669 nm and 754 nm to 4F9/2 → 
6H11/2 and 
4F9/2 
→ 6H5/2 transitions respectively. The blue to yellow intensity ratio (I486/I577) falls in 
the region of 0.44 - 0.51 for all samples, which is argued as a promising feature of 
Y2O2S:Dy
3+ to achieve soft white light emission when co-doped with other 
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appropriate RE3+/transition metal ions for suitable control over the blue/yellow 
intensity ratio [260]. The CIE coordinates (the CIE 1931 standard for colorimetry) 
were calculated from the spectra to evaluate the colorimetric performance of 
Y2O2S:Dy
3+. Figure 3.7 displays the CIE chromaticity diagram of Y2O2S:Dy
3+ at 
various Dy3+ concentrations. The calculated CIE coordinates for Y2O2S:Dy
3+ 
phosphors shift over the range of x from 0.37 to 0.39 and y from 0.40 to 0.44, 
which lie on the boundary line of the CIE white domain.   
The emission spectrum of Y2O2S:Pr
3+ consists of five main emission bands 
at 514 nm, 548 nm, 641 nm, 670 nm and 770 nm, as shown in Figure 3.6 (b). 
These could be attributed to transitions from 3P0 to 
3H4, 
3H5,
 3H6,
 3F2 and 
3F4, 
respectively. Also, the strong emission band from 3P0 → 
3H4 transition is evidence 
that the Pr3+ cations occupy the Y3+ cations sites in Y2O2S:Pr
3+ phosphors. 
Because the transition between 3P0 and 
3H4 is an electric dipole transition [69, 
261], which is only allowed when the Pr3+ ion occupies a lattice site lacking a 
symmetrical centre, thus the Pr3+ cations are expected to occupy the Y3+ cation 
sites in the Y2O2S crystals so that the 
3P0 → 
3H4 transition is allowed. 
The CIE colour coordinate is also employed to analyze the luminescence 
colour of Y2O2S:Pr
3+ samples. Figure 3.8 displays the CIE chromatic coordinate 
diagram for Y2O2S:Pr
3+ phosphors. The colour of Y2O2S:Pr
3+ falls in the green 
region and the CIE coordinates shift over a range of x from 0.19 to 0.21, y from 
0.62 to 0.65 when the Pr3+ concentration changes. The integrated intensity ratio 
of the green (514 nm) and the red (670 nm) emission bands varies for different 
Pr3+ doping concentrations. The results are presented in Table 3.2. 
The PL emission spectrum of the Y2O2S:Tb
3+ particles excited at 254 nm is 
shown in Figure 3.6 (c). The emission bands are attributable to transitions of 5D3 
and 5D4 excited energy levels to the 
7FJ (J=0-6) ground state levels. Emission 
bands at 384 nm, 418 nm, 437nm and 458 nm could be respectively assigned to 
the transitions of 5D3 → 
7F6, 
5D3 → 
7F5, 
5D3 → 
7F4 and 
5D3 → 
7F3 while the 
emission bands at 490 nm, 545 nm, 587 nm and 623 nm correspond to 5D4 → 
7FJ 
(J=6, 5, 4, 3) transitions.  
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Figure 3.6 PL emission spectra (λex=254 nm) of 1 mol% RE
3+ (RE=Dy, Pr, Tb) 
doped Y2O2S phosphors. 
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Figure 3.7 CIE chromaticity diagram of Y2O2S:Dy
3+ at various Dy3+ concentrations. 
 
Figure 3.8 CIE chromaticity diagram of Y2O2S:Pr
3+ at various Pr3+ concentrations. 
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Table 3.2 Optical properties of Y2O2S:Pr
3+ phosphors. 
Pr3+ 
concentration 
CIE coordinate 
(x) 
CIE coordinate 
(y) 
Colour 
temperature (K) 
I514/I670 
0.1% 0.2178 0.2431 7632 1.672 
0.5% 0.2469 0.3449 7915 1.620 
1% 0.2829 0.4748 7632 1.070 
2% 0.3064 0.5638 7624 1.162 
  
Although for the 1 mol% Tb3+ activated Y2O2S phosphor the green 
emission band at 545 nm is the most intense one, the intensity ratio between the 
5D4 → 
7FJ and 
5D3 → 
7FJ transitions is dependent on the doping concentration of 
Tb3+ cations. This is due to the cross relaxation process happened between two 
adjacent Tb3+ cation pairs as illustrated in the following equation [68]: Tb3+ (5D3) + 
Tb3+ (7F6) → Tb
3+ 
(
5D4) → Tb
3+ (7F0).The inset of Figure 3.6 (c) shows the intensity 
ratio of green/blue emission (I545/I418) as a function of Tb
3+ concentration. The 
intensity ratio of green/blue emission grows exponentially with Tb3+ concentration, 
which is in good agreement with the previous report [89].  
The cross relaxation effect due to the Tb3+ concentration on phosphor 
colour emission could be analysed in a CIE chromaticity diagram which shows the 
emission colour composition. The CIE chromaticity diagram for Y2O2S:Tb
3+ 
phosphor is presented in Figure 3.9 and the calculated CIE coordinates are listed 
in Table 3.2 together with other optical properties. The emission colour of Y2O2S: 
Tb3+ shifts from blue to yellowish-green with increasing Tb3+ concentration, which 
means that the colour of Y2O2S:Tb
3+ is tuneable by simply controlling the doping 
concentration of Tb3+ cations.  
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Figure 3.9 CIE chromaticity diagram of Y2O2S:Tb
3+ at various Tb3+ concentrations. 
Table 3.3 CIE coordinates of Y2O2S:Tb
3+ phosphors. 
Tb3+  
concentration 
CIE  
coordinate(x) 
CIE  
coordinate(y) 
Colour temperature  
/K 
0.1% 0.2178 0.2431 Not defined 
0.5% 0.2469 0.3449 10350 
1% 0.2829 0.4748 6757 
2% 0.3064 0.5638 6000 
3% 0.3123 0.5849 5872 
5% 0.3197 0.5945 5742 
 
 Moreover, the overlay of the PL emission spectra of Y2O2S:Tb
3+ is 
presented in Figure 3.10 and Figure 3.11 (the emission band to which the spectra 
were normalised is not shown in the figure) for further understanding of the Tb3+ 
concentration effect on emission intensity. At low Tb3+ concentration, the blue 
emissions of 5D3 → 
7FJ (J=6, 5, 4, 3) transitions are dominant.  The emission 
intensity of the 5D3 → 
7FJ (J=6, 5, 4, 3) transitions decreases as the Tb
3+ doping 
concentration is increased as shown Figure 3.10 while that of 5D4 → 
7FJ (J=6, 5, 4, 
Tb
3+
 concentrations 
1. 0.1 % 
2. 0.5 % 
3. 1% 
4. 2% 
5. 3% 
6. 5% 
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3) transitions grows with increasing Tb3+ doping concentration, which is clearly 
presented in Figure 3.11. This behaviour of Tb3+ ions is in good agreement with 
that observed in other host lattices [89, 94-96, 262]. 
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Figure 3.10 Overlay emission spectra of Y2O2S:Tb
3+ phosphors. All emission 
intensity values were normalised to that of the 545 nm emission peak. 
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Figure 3.11 Overlay emission spectra of Y2O2S:Tb
3+ phosphors. All emission 
intensity values were normalised to that of the 418 nm emission peak. 
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3.5 Cathodoluminescence properties of Y2O2S:RE
3+ 
Cathodoluminescence (CL) properties were measured with an electron gun 
in a high vacuum chamber. The samples were excited by an electron beam with 
controlled accelerating voltage of 5 kV. CL spectra were collected over the range 
of 300-800 nm. Figure 3.12 displays CL spectra of 1 mol% RE3+ doped 
Y2O2S:Tb
3+. The emission bands in the CL spectra are slightly different from 
those in the PL spectra.  
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Figure 3.12 CL emission spectra of Y2O2S:Tb
3+ phosphors. 
This difference could result from the two different excitation processes for 
PL and CL. For the PL of RE3+ activated Y2O2S, the RE
3+ ions could be excited 
from ground energy level to higher excited energy level by directly absorbing 
photons of incident light. PL excitation spectra of Y2O2S:RE
3+ (RE= Dy, Pr, Tb) 
were collected by monitoring the most intense emission band and presented in 
Figure 3.13. Characteristic broad band emission corresponding to transitions of 
ground energy state to excited energy states could be observed. The weak, broad 
band maximum at 264 nm was due to the host excitation of Y2O2S [69]. While for 
CL excitation, these RE3+ luminescence centres are predominantly excited by 
recombination of pairs of electrons and holes that are generated inside the crystal 
by the incident electron beam [110]. It’s also suggested that the sulphur ion in 
Y2O2S rather than the crystal structure is probably responsible for the indirect CL 
excitation of the luminescence centres in Y2O2S:RE
3+ (RE= Dy, Pr, Tb) phosphors. 
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Also, it’s noticeable that the emission bands in CL spectra are more intense than 
their counterparts in PL spectra, which results from the higher quantum efficiency 
of the CL process.  
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Figure 3.13 PL excitation spectra of Y2O2S:RE
3+ phosphors. 
Figure 3.14 displays the overlay CL emission spectra of Y2O2S:Tb
3+ in the 
visible light region. The intensity of the emission bands from the 5D3 → 
7FJ 
transitions decreases with increasing Tb3+ concentration. This phenomenon is 
caused by the cross relaxation process. Inset Figure 3.14 displays the luminance 
of Y2O2S:Tb
3+ as a function of the Tb3+ concentration. The highest radiance was 
obtained at 545 nm blue emission from the 5 mol% Tb3+ doped Y2O2S:Tb
3+ which 
also possesses the highest luminance. This might result from the cross relaxation 
effects, making Y2O2S:Tb
3+ a promising candidate for green phosphors in field 
emission display devices.  
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Figure 3.14 Overlay CL emission spectra of Y2O2S:Tb
3+ at various Tb3+ 
concentrations. Inset: CL luminance variation with Tb3+ concentration. 
3.6 Conclusions 
To sum up, the conclusions are demonstrated as follows: 
1. Nanometre sized phosphor particles were obtained using the urea 
homogeneous precipitation method. The average crystal size varies from 
117.8 nm to 145.1 nm depending on the different RE3+ cations. Y2O2S:Dy
3+ 
and Y2O2S:Tb
3+ particles have roughly spherical shape while Y2O2S:Pr
3+ 
ones are more irregular. 
2. The dependence of the luminescence properties on the dopant 
concentrations was studied. The results indicate that the optimum doping 
concentration for Y2O2S:Dy
3+ and Y2O2S:Pr
3+ were 1 mol% and 0.1 mol%, 
respectively. The results also suggest that Y2O2S:Dy
3+ is a promising 
candidate for UV-based white light emission devices. 
3. The cross relaxation effect was observed in both the PL and CL spectra of 
Y2O2S: Tb
3+ phosphors, indicating that the emission colour of Y2O2S:Tb
3+ 
could be tuneable by simply varying Tb3+ doping concentration.  
4. The cross relaxation effect might be responsible for the highest luminance of 
Y2O2S:Tb
3+ at 5 mol%.  
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Chapter 4 Luminescence of Gd2O2S:RE
3+
 
phosphors  
4.1 Introduction 
Field emission displays (FEDs) are a display technology that reproduces 
images using large area field electron emission arrays of electron sources to 
excite the phosphor pixel on the screen. FEDs have many advantages over other 
display systems, including high contrast ratios with true black reproduction, fast 
response time, less power consumption, wide viewing angle and lifelike colour. 
The last few decades have witnessed a fast development on FEDs, which was 
specifically stimulated by the progressive researches on using carbon nanotubes 
(CNTs) as highly efficient field emitters [263-266].  
Developments on FEDs generated a growing demand for fine phosphor 
powders that could be used to achieve improved resolution and efficiency. This 
has created interest in developing phosphors that operate at low voltages (500 to 
5000V) for FEDs that require phosphor particles which are sub-micrometer, 
mono-sized and have a regular morphology.  Such small phosphor particles 
would be expected to self-organise and close-pack to form thin, dense layers on 
the screen, giving improved resolution and brightness over much larger 
conventional commercial phosphors [267]. In addition they could be easily 
incorporated into ink formulations for printing directly on to the anode substrate. 
Previous studies in these laboratories on spherical cubic Y2O3:Eu
3+ phosphors 
have suggested that a comparable CL luminescence to a commercial standard 
sample could be reached from the sub-micrometer particles [84]. Small particles 
(100nm) display 60% of the luminance of a commercial standard phosphor (3 μm). 
A green emitting Y2O2S: Tb
3+ phosphor of submicrometer size was also reported, 
which had a luminous efficiency of 34.6 lm/W at an electron beam accelerating 
voltage of 5000V [17]. 
The same demands for phosphor particles of sub-micrometre size and 
regular morphology are made for high quality low energy X-ray medical imaging 
systems. Kalivas pointed out that the inherent physical properties of phosphor 
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materials have a significant effect on the image detector transfer characteristics 
[31]. In both types of radiographic photodetector systems, traditional screen film 
or digital (where phosphors are coupled with CCD arrays), total image noise has 
a detrimental effect on the quality of the resulting image.  The total image noise is 
composed of screen noise from the phosphor which is the main component and 
to a lesser degree by photodetector noise.  Screen noise has contributions from 
both quantum and structure noise. Quantum noise has been shown to be a 
consequence of the statistical nature of the spatial fluctuations of the x-ray quanta 
that have been absorbed and it dominates in a low exposure environment.  
Significant structure noise is a consequence of an inhomogeneous phosphor 
coating creating fluctuations of the absorbed x-ray quanta in high exposure 
conditions. The thickness and uniformity of the phosphor screen has been found 
to be critical for a low level of structure noise in high exposure conditions.  A 
thicker phosphor layer and a high degree of close packing of the phosphor 
particles can reduce structure noise. Thus the phosphor particle morphology and 
size will influence the effective filling fraction, particles that are similar in size and 
morphology will result in a high effective filling fraction. There is also a reduction 
in structure noise with a decrease in particle size, due to a higher degree of 
particle packing and lower scattering of radiation [268]. The spatial resolution 
achievable with a phosphor-based detector is also directly related to the phosphor 
grain size, and so the smaller grain sizes of the custom produced phosphors will 
be superior to commercial phosphors in this respect [31, 268]. 
In this chapter, results are presented from studies on Pr3+ and Tb3+ 
activated Gd2O2S X-ray phosphors. CL luminescent properties of Gd2O2S:Pr
3+ 
phosphors were compared with those of commercial phosphor particles which are 
much larger and have a wider size distribution.  The effect of doping 
concentration and firing temperature on the emission properties of the resulting 
phosphors were studied and reported in this chapter. Green and red emission 
lines were observed in the Gd2O2S:Pr
3+ CL spectra and their intensity ratio were 
shown to be dependent on both Pr3+ activator concentration and firing 
temperature. This work was published at the 16th International Displays 
Workshop (IDW ’09) and presented as a poster. 
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Gd2O2S:Tb
3+ phosphor has a green emission line at 545 nm, which is 
convenient for coupling to silicon photodiodes in X-ray scintillators. In this chapter 
the PL spectra and CL data from Gd2O2S:Tb
3+ phosphor particles at low 
accelerating voltage (1000V to 5000V) are also reported. Blue and green 
emission lines were observed in the CL spectra of Gd2O2S:Tb
3+ and their intensity 
ratio are shown to be dependent on both Tb3+ activator concentration and firing 
temperature.  
4.2 Crystal structures and morphological analysis 
X-ray powder diffraction (XRPD) is used to determine the crystal phase of 
the resulting phosphors. Figure 4.1 displays the XRPD patterns of 0.5 mol% RE3+ 
activated Gd2O2S samples fired at 900˚C and 1100˚C respectively, both showed 
good agreement with the hexagonal phase of the Gd2O2S structure (previously 
reported in literature [27]). Crystal size and lattice parameters were calculated 
using TOPAS software and the results are presented in Table 4.1, which shows a 
slight growth in crystallite size when the phosphor particles were re-fired at 
1100˚C.  
It’s well known that the properties of X-ray medical imaging systems have 
a strong dependence on the particle size and morphology of the X-ray phosphors 
[36]. SEM images of Gd2O2S:RE
3+ fired at different temperatures are shown in 
Figure 4.2 to Figure 4.5. All the samples exhibit discrete particles of roughly 
spherical shape with smooth surface. Most of the particles are smaller than 150 
nm, which is more than 20 times smaller in diameter than the commercially 
available materials, although larger particles or agglomeration could be observed 
as well. The particles fired at 1100˚C show no significant growth in size compared 
with their counterparts fired at 900˚C. 
It also can be seen from the SEM images that samples re-fired at 1100˚C 
start melting into each other while the 900˚C samples are well separated. The 
particle size observed from the SEM images is highly consistent from the 
calculated data from XRPD pattern, indicating our phosphor particles are nearly 
single crystals.  
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Table 4.1 Crystal size and lattice parameters of Gd2O2S:RE
3+ phosphor particles. 
 crystal size (nm) a (Å)  c (Å) 
Gd2O2S: Pr
3+ (900˚C) 119.8 (23) 3.8556(9) 6.6692(4) 
Gd2O2S: Pr
3+ (1100˚C) 123.3(14) 3.8569(0) 6.6731(3) 
Gd2O2S: Tb
3+ (900˚C) 157.0(11) 3.8539(0) 6.6668(9) 
Gd2O2S: Tb
3+ (1100˚C) 118.48(87) 3.8542(6) 6.6677(1) 
Bulk Gd2O2S [269] — 3.8514(5) 6.667(2) 
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Figure 4.1 XRPD patterns of Gd2O2S:RE
3+ samples fired at 900˚C and 1100˚C.  
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Figure 4.2 SEM images of Gd2O2S:Pr
3+ fired at 900˚C. 
 
Figure 4.3 SEM images of Gd2O2S:Pr
3+ fired at 1100˚C. 
 
Figure 4.4 SEM images of Gd2O2S:Tb
3+ fired at 900˚C. 
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Figure 4.5 SEM images of Gd2O2S:Tb
3+ fired at 1100˚C. 
4.3 PL measurement of Gd2O2S:RE
3+ phosphors 
Figure 4.6 (a) displays the PL spectra of 0.1 mol% Pr activated 
Gd2O2S:Pr
3+ phosphors fired at 900˚C and 1100˚C under the excitation of 254 nm. 
The assignments for the RE3+ transitions were made by comparisons with data 
from the literature for RE3+ ions [71]. The emission bands could be assigned to 
transitions from 3P0 to 
3H4, 
3H5,
 3H6,
 3F2 and 
3F4, respectively.  The intensities of 
the emission bands from samples fired at 1100˚C are about twice as high as 
those of the emission bands from samples fired at 900˚C, which indicates the 
firing temperature has a dramatic influence on the luminescence intensity of the 
resulting phosphors. Similar phenomenon could also be observed from the PL 
spectra of 0.1 mol% Tb activated Gd2O2S:Tb
3+ phosphors (see Figure 4.6b). The 
higher firing temperature should largely reduce the surface defects of the 
phosphor crystals, which have often been blamed for the decreasing 
luminescence efficiency with decreasing particle size in conventional phosphors 
[270]. Thus energy resonance transformation of luminescence centres is limited 
within the single nanocrystals (due to their size and small number of activation 
sites per crystal), which could enhance the luminescence intensity.  
 (a)  (b) 
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Figure 4.6 PL spectra of 0.1 mol% RE3+ activated Gd2O2S:RE
3+ fired at 900˚C 
and 1100˚C. 
As described in chapter 3, at lower Tb3+ concentration, blue emissions 
from 5D3 → 
7FJ (J=6, 5, 4, 3) transitions are dominant in the PL spectra of 
Y2O2S:Tb
3+ phosphors. The blue emissions decrease with increasing Tb3+ 
concentration whereas the green emissions attributed to the 5D4 → 
7FJ transitions 
increase simultaneously. This is due to the cross relaxation process that takes 
place between two adjacent Tb3+ cation pairs as illustrated in the following 
equation [68]: 
Tb3+ (5D3) + Tb
3+ 
(
7F6) → Tb
3+ 
(
5D4) + Tb
3+ (7F0). 
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However, the spectra of the Gd2O2S:Tb
3+ phosphors show different 
properties. As shown in Figure 4.6 (b), the green emission band at 545 nm 
assigned to 5D4 → 
7F5 is still of the highest intensity even when the Tb
3+ 
concentration is as low as 0.1 mol%, this behaviour is different to that found in  
the spectrum of Y2O2S:Tb
3+. This is related to the different position of the charge 
transfer states (CTS) of the host crystals [44] and could be explained with the aid 
of Fonger and Struck’s configurational coordinate model, which was proposed to 
explain that there was no emission from the 5D2 → 
7F transition in La2O2S:Eu
3+ at 
room temperature due to the thermally excited quenching transitions from the 
characteristic 5D2 states of Eu
3+ to the CTS of a host crystal [271].  
Ratinen et al [25] has reported that the bottom of the CTS in Gd2O2S lies 
close to the 5D3 excited state of Tb
3+ while the CTS in Y2O2S is higher. Therefore 
most of the electrons on the 5D3 excited state of Tb
3+ in Gd2O2S are activated to 
the CTS and eventually fed to 5D4 state at room temperature, thus greatly 
reducing the intensities of the emission bands from 5D3 → 
7FJ transitions. This 
energy transfer could hardly complete in Y2O2S because the CTS in Y2O2S lies in 
a higher position than in Gd2O2S. Therefore the blue emissions from 
5D3 → 
7FJ 
transitions are predominant at lower Tb3+ concentration in Y2O2S:Tb
3+ phosphors. 
The intensity of the blue emissions in Gd2O2S:Tb
3+ manifests the same 
trend as that in Y2O2S:Tb
3+ as the Tb3+ concentration increases. Figure 4.7 and 
Figure 4.8 displays normalised overlay spectra of Gd2O2S:Tb
3+ phosphors fired at 
1100 ˚C with various Tb3+ concentration. The intensity of blue emissions 
decreases with increasing Tb3+ concentration while the intensity of green 
emissions increases due to cross relaxation between Tb3+ pairs. This observation 
is consistent with previous report in the literature [97]. 
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Figure 4.7 Overlay spectra of Gd2O2S:Tb
3+ phosphors (normalised to 545 nm). 
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Figure 4.8 Overlay spectra of Gd2O2S:Tb
3+ phosphors (normalised to 380 nm). 
The CIE colour coordinate is employed to analyze the luminescence colour 
of Gd2O2S:Tb
3+ samples. Figure 4.9 displays the CIE chromatic coordinate 
diagram for Gd2O2S:Tb
3+ phosphor samples re-fired at 1100˚C. The CIE 
coordinates and colour temperatures for all Gd2O2S:Tb
3+ samples are presented 
in Table 4.2. The results indicate that the optical properties of the Gd2O2S:Tb
3+ 
phosphors are strongly influenced by the firing temperature and the activator 
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concentration. The CIE coordinate values grow linearly with Tb3+ concentration as 
a consequence of the blue to green shift in the emission spectra due to cross-
relaxation. The samples re-fired at 1100˚C have larger CIE coordinates and 
colour temperatures compared to the ones fired at 900˚C.  
The increase in both x and y indicates the samples re-fired at 1100˚C emit 
‘greener’ light under the UV excitation, suggesting the 5D3 → 
5D4 relaxation is 
more efficient due to the perfection of the crystal structure since non-radiative 
relaxation causing energy loss is often linked with defects in crystals.  
 
Figure 4.9 CIE chromatic diagram for Gd2O2S:Tb
3+ phosphor samples fired at 
1100˚C. 
 
 
 
 
 
Tb
3+
 concentrations 
1. 0.1 % 
2. 0.5 % 
3. 1% 
4. 2% 
5. 3% 
6. 5% 
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Table 4.2 Optical properties of Gd2O2S:Tb
3+ phosphor samples. 
Tb concentration CIE x CIE y 
Colour temperature 
/K 
Fired temperature 
/˚C 
0.1 mol% 0.3279 0.5112 5620 1100 
0.5 mol% 0.3285 0.5360 5604 1100 
1 mol% 0.3316 0.5512 5546 1100 
2 mol% 0.3367 0.5673 5438 1100 
3 mol% 0.3388 0.5786 5426 1100 
5 mol% 0.3426 0.5846 5367 1100 
0.1 mol% 0.3199 0.4945 5802 900 
0.5 mol% 0.3271 0.5197 5635 900 
 
4.4 CL measurement of Gd2O2S:RE
3+ phosphors 
The CL spectra of all Gd2O2S:Pr
3+ phosphor samples were similar to the 
CL spectrum of the Pr3+ 0.5 mol% concentration sample that had been fired at 
900 ˚C (see Figure 4.10). The green/red ratio of the 513 nm and 672 nm peak 
intensities were listed in table 4.3. The ratio varies for different Pr activator 
concentrations annealed at 900˚C, whereas the CL spectra of the two samples re-
fired at 1100˚C have identical peak ratios.  
The CIE coordinates, dominant wavelengths and colour temperatures for 
all Gd2O2S:Pr
3+ phosphor samples are presented in Table 4.3. It can be seen that 
the differences in the CIE coordinates, dominant wavelengths and colour 
temperatures of the samples annealed at 900°C for the 1 to 5 mol% Pr 
concentrations are a consequence of the larger 513/668 nm peak intensity ratios 
when compared to the smaller peak intensity ratios of the 10 mol% Pr 
concentration as a direct consequence of concentration quenching [69]. The 
samples re-fired at 1100˚C have smaller peak intensity ratios, larger CIE 
coordinates and higher dominant wavelengths, indicating that the firing 
temperature affects the optical properties of the Gd2O2S:Pr
3+ phosphors. In 
contrast to the Gd2O2S:Tb
3+ samples, the Gd2O2S:Pr
3+ samples increase in x but 
decrease in y, which might result from the different excitation mechanism for PL 
and CL [110]: in the case of PL, the luminescent centre is excited by adsorption of 
the incident light while for the CL, the luminescent centre is excited by the 
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recombination of electrons and holes generated by the high-energy electron 
beam.  
Luminance and luminous efficacies of the Gd2O2S:RE
3+ phosphor samples 
show strong dependence on the RE3+ activator concentration. Optimisation of the 
Pr3+ activator concentration by CL measurements indicated that a 1.0 mol% Pr 
concentration gave the highest luminance values for both 900 ˚C and 1100 ˚C 
samples at accelerating voltages between 1000 V and 5000 V and a range of 
emission currents between 1.46 μA and 8.6 μA, using a defocused e-beam. The 
luminance and luminous efficacies as a function of accelerating voltage are 
presented in Figure 4.11 and Figure 4.12, respectively, for an emission current of 
8.6 μA. 
 
Figure 4.10 CL spectra of Gd2O2S:Pr
3+ (normalised to 513 nm) using an 
accelerating voltage of 5000 V and 8.6 μA emission current, defocused e-beam. 
Inset shows the expansion of 664 to 675 nm region. 
The sRGB HDTV CCIR 709 colour triangle (dot line on the CIE 
chromaticity diagram in Figure 4.13) is compared with a colour triangle that has 
been produced from the same red and blue colour points, along with that of the 
Gd2O2S:Pr
3+ phosphor after firing to 1100 ˚C (solid line in Figure 4.13). This 
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shows that the latter phosphor has the potential to improve the colour gamut by 
expanding the colour space. 
Table 4.3 The optical properties of Gd2O2S:Pr
3+ phosphors measured using an 
accelerating voltage of 5000 V and 8.6 μA emission current, defocused e-beam. 
Pr 
concentration 
CIE  
x 
CIE 
 y 
Dominant 
λ/nm 
Colour 
temperature/K 
Fired 
temperature/˚C 
Intensity 
ratio§ 
1 mol% 0.1496 0.6606  519 8568 900 2.80 
2 mol% 0.1465 0.6603 518 8682 900 3.79 
3 mol% 0.1519 0.6618 519 8566 900 3.05 
5 mol% 0.1519 0.6618 519 8566 900 2.50 
10 mol% 0.1594 0.6609 521 8408 900 1.78 
1 mol% 0.1673 0.6523 521 8308 1100 1.92 
2 mol% 0.1654 0.6530 521 8344 1100 1.92 
§ Intensity ratio of the green (513 nm)/red (672 nm) emission bands 
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Figure 4.11 CL luminance of Gd2O2S:Pr
3+ phosphor samples at various 
accelerating voltages using 8.6 μA emission current and a defocused e-beam. 
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Figure 4.12 Luminous efficacy of Gd2O2S:Pr
3+ samples at various accelerating 
voltages using 8.6 μA emission current and a defocused e-beam. 
 
Figure 4.13 Colour triangle of HDTV sRGB triad (dot line) compared with a similar 
colour triangle in which the green colour point is that of the Gd2O2S:Pr
3+ phosphor 
(solid line). 
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Optimisation of the Tb3+ activator concentration by CL measurements 
indicated that a 2 mol% Tb3+ concentration gave the highest luminance. The 
luminance of the Gd2O2S:Tb
3+ phosphor samples are plotted against accelerating 
voltage for an emission current of 8.6 μA in Figure 4.14. The inset displays the 
luminance as a function of Tb3+ concentration at 5 kV accelerating voltage. It can 
be seen that the luminance grows as Tb3+ concentration increases from 0.5 mol% 
to 2 mol% and then decreases as it increases from 2 mol% to 5 mol%. 
 
Figure 4.14 CL luminance of Gd2O2S:Tb
3+ samples at various accelerating 
voltages using 8.6 μA emission current and a defocused e-beam. Inset: The 
luminance as a function of Tb3+ concentration at 5 kV accelerating voltage. 
4.5 Conclusions 
1. The luminescent properties of nanometre sized Gd2O2S:RE
3+ phosphor 
samples have been investigated. Characteristic emission spectra of Pr3+ and 
Tb3+ have been observed. And the intensity of emission bands was shown to 
be dependent on both the activator concentration and the firing temperature. 
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2. It has been shown that for low voltage CL applications, Gd2O2S:Pr
3+ 
phosphor particles with a 1 mol% Pr3+ activator concentration fired at 1100 
˚C exhibit the highest luminance and luminous efficacy for this material 
whereas the optimised activator concentration for all of the examined 
Gd2O2S:Tb
3+ phosphor particles is 2 mol%. 
3. The green colour point of the Gd2O2S:Pr
3+ phosphor expands the colour 
space of the sRGB HDTV CCIR 709 triad. 
4. Cross-relaxation of Tb3+ cations could be observed in the spectra of 
Gd2O2S:Tb
3+ phosphor which reduces the intensity of emission bands from 
5D3 → 
7FJ (J= 6, 5, 4, 3) transitions and enhances that of emission bands 
from 5D4 → 
7FJ (J= 6, 5, 4, 3) transitions. 
5. The green emissions at 545 nm from 5D4 → 
7F5 transition are the most 
intense bands in every spectrum of Gd2O2S:Tb
3+ phosphor in the Tb3+ 
concentration range studied herein. This results from the fact that the bottom 
of the CTS in Gd2O2S lies close to the 
5D3 energy level of Tb
3+, and that the 
resulting thermal quenching between these greatly reduces the electron 
population in the 5D3 level. 
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Chapter 5 Upconversion luminescence of RE
3+
 
activated Y2O2S and Gd2O2S phosphors  
5.1 Introduction 
Upconversion (UC) phosphors emit a photon of high energy by the 
sequential absorption of two or more incident low-energy photons. In 1959, 
Bloembergen described a possible upconversion process which later became 
known as excited state absorption (ESA) in rare earth ion or transition metal ion 
doped crystals [272]. However ESA process was not very efficient as the  
reported in 1969 [273].  Most of the pioneering work on upconversion  was carried 
out by Auzel [119]. In 1966, Auzel reported the first example of upconversion for 
the dopant couple of Yb3+, Er3+ in CaWO4 and described the energy transfer 
process from Yb3+ ion to the Er3+ ion, which he named as “additional de photon 
par transfers d’energie” (APTE effect) [114], also later termed as ETU for energy 
transfer upconversion [115]. Although there are several other mechanisms for the 
upconversion process, ESA and ETU are the ones  used in practice for 
considering  energy transfer efficiencies [116, 118].  
Table 5.1 Typical examples of the UC mechanisms.  
Mechanism Typical example Efficiency 
Anti-Stokes Raman Silicon crystals ~10-13  
2-Photon excitation CaF2: Eu
2+ ~10-12  
Second harmonic generation KH2PO4 crystals ~10
-11  
Cooperative luminescence YbPO4: Yb
3+ ~10-8  
Cooperative sensitization YF3: Yb
3+, Tb3+ ~10-6  
ESA SrF2: Er
3+ ~10-5  
ETU YF3: Er
3+ ~10-3  
Sensitized ETU NaYF4: Er
3+, Yb3+ ~10-1  
 
The optical properties of luminescent materials strongly depend on the 
host crystal lattice as well as nature and concentration of the dopant (the 
intentional impurity ions in the host lattices). Rare earth ions are one of the most 
common active components in many UC phosphors due to their well separated 
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energy state structures. The inner 4f shell in RE3+ contains the spectroscopically 
relevant electronic states, (which have long lifetimes (~ms) for UC absorption 
since they are well shielded from external electric environments by the outer 5s 
and 5p electrons). Some transition metal ions, such as Os4+, Ti2+, have also 
shown UC luminescence  [120-122, 124, 125], in which the d orbitals of transition 
metals are strongly influenced by the local crystal field, allowing for chemical 
variation of the photophysical characteristics [119].  
Amongst all of the known upconversion phosphors, Yb3+ and Er3+ co-
doped hexagonal NaYF4 has been shown  to be one of the most efficient UC 
phosphors [143, 147, 149, 152, 162, 163], as reported  by Menyuk in 1972 [141]. 
There have been reports on UC for rare earth ions in different host crystals, for 
example silicates [98], zirconium oxides [127], silica [129], yttrium oxides [100, 
103, 130-134, 274], oxysulfides [135, 138, 139]. 
Many applications have been suggested for UC phosphors because of 
their unique emission properties. For example, UC phosphors with excitation in 
the near infrared (NIR) region have several advantages over organic dyes and 
fluorescent proteins for imaging biological tissues and cells [101, 102, 150, 155-
158]. These advantages include the absence of photo-damage to living 
organisms, low auto-fluorescence, high light penetration depth in biological 
tissues, high detection sensitivity.  
Also, UC phosphors could be used to reduce the sub-band-gap 
transmission losses in conventional solar cells by up-converting the transmitted 
low-energy photons from the solar spectrum to higher-energy photons, which can 
then be utilised by the solar cell. A relevant review has been published by Shalav 
[45]. Other applications include solid-state three-dimensional displays [164, 171, 
172], upconversion lasers [22, 23], fibre optic amplifiers that operate at 
wavelengths of 1.55, 1.46 and 1.31 μm [20, 21]. 
In this chapter, results on the UC luminescence and down-conversion 
luminescence studies of RE3+ (RE=Tb, Er, Eu) doped Y2O2S and Gd2O2S are 
presented. Both upconversion and downconversion can be observed in the 
spectra of Tb3+ and Er3+ co-doped Y2O2S and Gd2O2S, which are denoted Y(or 
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Gd)2-y-xTbyErxO2S and Y(or Gd)2-x-yTbxEryO2S,
 where x = 0.01 and y = 0.0005, 
0.001, or 0.002, respectively. The influences of dopant concentration and host 
cations on the optical properties are investigated. And to further understand the 
particle properties, the down-conversion emission of  Tb3+ and Er3+ co-doped 
Y2O2S was compared to that of Y2-xTbxO2S (where x value varies from 0.001 to 
0.05). Furthermore the UC properties of Y2O2S:Eu
3+ and Gd2O2S:Eu
3+ 
nanoparticles were investigated and the effect of host crystal lattices on the UC 
luminescence was studied.  
5.2 Crystallography analysis and morphological studies 
Figure 5.1 presents the XRPD patterns of the Tb3+ and Er3+ co-doped 
Y2O2S and Gd2O2S samples, respectively. All of the patterns are consistent with 
the hexagonal phase of the host crystals that was previously reported [27, 256], 
indicating that this level of doping does not affect the microstructure of the host 
lattice in the particles. The extra peaks in the Y1.9895Tb0.01Er0.0005O2S XRPD 
pattern can be assigned to cubic Y2O3 crystal phase, which is fairly reasonable 
since it was employed as a top layer component in the firing process converting 
precursor powders to oxysulfide particles.  
The cell sizes of the hexagonal Y2-y-xTbyErxO2S phosphors are very similar 
(see Table 5.2) as is expected where the dopant atoms are smaller than the Y3+ 
cations they replace. These findings are not unexpected as the ionic radii for Y3+, 
Tb3+, Er3+ are respectively 0.90 Å, 0.92 Å and 0.89 Å, so replacing Y3+ with tiny 
amounts of Tb3+ and Er3+ would be expected to have little or no effect on the 
lattice cell sizes in these materials. Y2O2S  crystallizes in the trigonal space group 
P  m1, as previously reported [139]. In this structure both Y and O atoms have the 
same symmetry site, C3v. Each metal atom Y is coordinated to four oxygen atoms 
and three sulphur atoms (as its nearest neighbours). The Y atoms are thereby 
experiencing weaker crystal fields than in Y2O3; this means the Er
3+ cation 
dopants on the Y sites will experience a weaker crystal field in Y2O2S than in 
Y2O3. Similar findings arise in the case of the Gd2O2S host lattice since it is 
isostructural with Y2O2S. 
95 
 
Figure 5.2 – Figure 5.5 presents the SEM images of the morphologies of 
Tb3+ and Er3+ co-doped Y2O2S and Gd2O2S samples, respectively. The phosphor 
particles are well separated from each other and exhibit smooth surfaces and 
most of the particles in the observation region are roughly spherical, although 
plate- and pillar-like particles can also be observed. This results from the firing 
process converting precursor powders to oxysulfides phosphors and partial 
aggregation of Na2CO3 in the blend mixture [258]. Most particles in the SEM 
images have sizes that are less than 100 nm. The mean crystallite size was 
calculated from XRPD data using a preferred orientation method introduced by 
Jarvinen [275] and the calculated data are in good agreement with the SEM 
observation (see table 5.2). 
Table 5.2 Structural Parameters for Y2-y-xTbyErxO2S
 (where y = 0.01, and x = 
0.0005, 0.001 or 0.002), from XRPD data from XRPD data. 
x Phase* a (Å) c (Å) 
Crystal 
Size (nm) 
Occupancy of Y atom 
M(1) M(2) % Moles 
0.0005 
I 3.7828(1) 6.5826(1) 88.92(33) 1.9896  94.342(38) 
II 10.5976(1)  434(12) 8 24.0 5.658(38) 
0.001 
I 3.7830(1) 6.5827(3) 97.86(44) 1.9896  86.153(61) 
II 10.5990(7)  170.2(26) 8 24.0 13.847(61) 
0.002 
I 3.7829(1) 6.5827(7) 98.22(37) 1.9896  89.346(54) 
II 10.5979(2)  198.7(31) 8 24.0 10.654(54) 
    *Phase I = Hexagonal                  phase   II = cubic 
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Figure 5.1 XRPD patterns of Tb3+ and Er3+ co-doped Y2O2S (a) and Gd2O2S (b) 
samples. * denotes peaks arising from the cubic Y2O3 crystal phase. 
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Figure 5.2 SEM images of Y1.9895Tb0.01Er0.005O2S phosphor particles.  
 
Figure 5.3 SEM images of Y1.9895Tb0.0005Er0.01O2S phosphor particles.  
 
 
Figure 5.4 SEM images of Gd1.9895Tb0.01Er0.005O2S phosphor particles.  
 (a)  (b) 
 (a)  (b) 
 (a)  (b) 
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Figure 5.5 SEM images of Gd1.9895Tb0.005Er0.01O2S phosphor particles. 
5.3 Luminescence measurement 
5.3.1 UC spectra for Tb3+ and Er3+ co-doped Y2O2S phosphor 
Luminescence spectroscopy was used to investigate the upconversion 
properties of the Tb3+ and Er3+ co-doped Y2O2S samples. Spectra for all of the 
samples are similar to that of Y1.9895Tb0.01Er0.0005O2S under 632.8 nm red laser 
excitation. UC spectra of Y1.9895Tb0.01Er0.0005O2S and Y1.989Tb0.001Er0.01O2S are 
shown in Figure 5.6 and Figure 5.7. For the Y1.989Tb0.001Er0.01O2S sample, filters 
were applied to the detector to obtain the best spectrum. The emission manifold 
can be assigned to transitions to the Er3+ ground state (4I15/2) from the following 
excited-state levels 2H9/2, 
4F5/2, 
4F7/2, 
2H11/2 and 
4S3/2, respectively (see Table 5.3). 
The emission manifolds are in very similar positions to those found for the Er3+ 
cations in Y2O3:Er
3+,Yb3+ [130], but are sufficiently different both in emission 
wavelength and in intensity patterns to be worthy of further comment. It can be 
seen from the spectra the green emission bands between 520 nm and 560 nm, 
assigned to transitions of 2H11/2→
4I15/2 and 
4S3/2 → 
4I15/2, are the most intense 
ones amongst all the emission bands.  
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Figure 5.6 Anti-Stokes emission spectra of Y1.9895Tb0.01Er0.0005O2S under 632.8 
nm red laser excitation. Relative intensities are shown in arbitrary units and 
cannot be compared to each other. 
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Figure 5.7 Anti-Stokes emission spectra of Y1.989Tb0.001Er0.01O2S under 632.8 nm 
red laser excitation. Relative intensities are shown in arbitrary units and cannot be 
compared to each other. 
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Table 5.3 Assignments of the anti-Stokes and Stokes emission bands of 
Y1.9895Tb0.01Er0.0005O2S under 632.8 nm red laser excitation. 
emission assignment 
emission bands range 
width of emission  
bands range 
nm cm-1 cm-1 
2H9/2→
4I15/2 ~404 to 406 ~24752 to 24630 122 
4F5/2→
4I15/2 ~453 to 460 ~22075 to 21739 336 
4F7/2→
4I15/2 ~472 to 476 ~21186 to 21008 178 
 ~501 to 505 ~19960 to 19801 159 
2H11/2→
4I15/2 ~520 to 535 ~19230 to 18691 539 
4S3/2→
4I15/2 
~542 to 562 ~18450 to 17793 657 
~610 to 624 ~16393 to 16026 367 
4F9/2→
4I15/2 
~638 to 685 ~15674 to 14598 1076 
~750 to 780 ~13333 to 12820 513 
4I9/2→
4I15/2 ~801 to 830 ~12484 to 12048 436 
4I11/2→
4I15/2 ~850 to 905 ~11765 to 11050 715 
 
Figure 5.8 illustrates the energy diagram of a free Er3+ ion and some 
proposed excitation and emission processes. Silver et al [130] proposed two 
possible energy transfer processes: one is called two-photon excitation. Two 
incident photons have a combined energy of 31606 cm-1 and are capable of 
populating the 2P3/2 excited state. This then decays nonradiatively to lower energy 
levels such as the 2H9/2, 
4F5/2, 
4F7/2, 
2H11/2, and the 
4S3/2 levels before it returns to 
the ground state and emit upconversion photons. The other possible energy 
process is excited state absorption (ESA), which involves nonradiative relaxation 
from the 4F9/2 excited state to other lower lying levels, such as 
4H9/2, 
4H11/2, and 
4H13/2, and absorption of a second 632.8 nm (~15803 cm
-1) photon resulting in 
excitation to 4G7/2, 
4G11/2, and 
4F7/2. Both processes are presented in Figure 5.7. 
The UC emissions are indicated with coloured solid lines. No UC emissions from 
Tb3+ ions were observed while Tb3+ cations usually give out bright green  down-
converting emission when excited with ultraviolet (UV) radiation, although indeed 
these particles gave good down-conversion emission, which will be discussed 
later. 
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Figure 5.8 Schematic energy level diagram of a free Er3+ cation and some 
proposed excitation and emission processes. 
The overlay of the anti-Stokes emission spectra of the Y2-y-xTbyErxO2S in 
the range between 520 nm and 560 nm is presented in Figure 5.9. The Raman 
band at a wavenumber shift of 256 cm-1, which originates from Y2O2S, could be 
observed on both Stokes and anti-Stokes sides of the excitation line and was 
used as a standard to compare the UC emission intensities. For the Y2-y-
xTbyErxO2S samples, the emission bands of Y1.9895Tb0.01Er0.0005O2S sample have 
the lowest intensity and the intensity increases with Er3+ concentration, which is 
different finding from the previous report. Happanen [276] observed upconversion 
luminescence from Y2O2S:Yb
3+,Er3+ nanophosphors using 970 nm infrared laser 
excitation and found that the intensity decreases with increasing Er3+ 
concentration due to concentration quenching.  
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There are several effects that contribute to these different phenomena: 
firstly, for Y2O2S:Yb
3+, Er3+ nanophosphors, the Yb3+ ions (the sensitizers) are 
excited with the infrared laser and transfers energy to the Er3+ ions resulting in UC 
emission. In our case, Er3+ cations were directly excited using red laser and no 
evidence indicates energy transfer processes to Tb3+ cations so we observe that 
the UC luminescence increasing with Er3+ concentration;  
Secondly, our particles have an average diameter of around 100 nm, 
allowing the Er3+ cations to be more evenly distributed in the host lattice 
compared to the nanophosphors, which could minimise cross relaxation 
processes that are  responsible for the emission quenching [135]. In addition, 
there is no UC emission from Tb3+, indicating no energy transfer occur between 
Tb3+ and Er3+ cations in the UC process. Thus the presence of the Tb3+ cations 
act just like the optically inactive Y3+ cations and help separate/dilute the effective 
concentration of Er3+ cations. The cross-relaxation process is therefore 
suppressed during upconversion and luminescence intensity then increases with 
Er3+ cation concentration, at least in the range studied in this work.  
Figure 5.10 depicts the overlay of UC emissions of the Y2-x-yTbxEryO2S 
sample in the range from 520 to 560 nm. When x was increased from 0.0005 to 
0.001, a great enhancement on UC emission intensity could be observed; 
however when x was increased on from 0.001 to 0.002, the UC emission intensity 
decreases with increasing Tb3+ concentration. This can be explained as follows: 
both Tb3+ and Er3+ would take Y3+ sites in the host lattice and there’s no energy 
transfer processes between Tb3+ and Er3+ in the UC process. The presence of the 
Tb3+ cations acts just like the Y3+ cations and virtually increases the critical Er-Er 
distance, separate/dilute the effective concentration of Er3+ cations.  
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Figure 5.9 Overlay of anti-Stokes emission spectra of the Y2-y-xTbyErxO2S sample, 
where y=0.01, x=0.0005, 0.001, or 0.002. 
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Figure 5.10 Overlay of anti-Stokes emission spectra of the Y2-x-yTbxEryO2S 
sample, where y=0.01, x=0.0005, 0.001, or 0.002. 
5.3.2 Down-conversion for Tb3+ and Er3+ co-doped Y2O2S phosphor 
The down conversion emission spectra of the Y2-y-xTbyErxO2S
 samples are 
shown in Figure 5.11. Bright green emission from Tb3+ cations can be observed, 
also weak emission bands from Er3+ cations was observed (indicated by arrows). 
The intensity of Er3+ emission increases with Er3+ concentration. This is a surprise 
as in Figure 5.11 (b) (which presents the emission spectra of Y1.99Er0.01O2S NPs) 
there is very poor down conversion emissions from the Er3+ cations. Clearly the 
107 
 
intensity of the emission from the Er3+ cations observed in Figure 5.11(a) (where 
the concentration of the Er3+ is much lower than in figure 5.11(b) yet the intensity 
is increasing with concentration) is not from a straight downconversion process 
and must involve the Tb3+ cations.  
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Figure 5.11 (a) Downconversion emission spectra (λex=254 nm) of the Y2-y-
xTbyErxO2S samples; (b) PL emission spectrum (λex=254 nm) of the Y1.99Er0.01O2S 
sample shows no emission band. 
To further understand the role of the Er3+ cations we present the spectra of 
the Y2-xTbxO2S phosphors (where x varies from 0.001 to 0.05) in Figure 5.12. It is 
clearly shown that the intensity of the blue emissions, which are assigned to 
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transitions of 5D3→
7FJ, decrease as the Tb
3+ concentration goes up. With the 
increase of Tb3+ concentration, more 5D3 levels quench to 
5D4, and the intensity of 
the blue emissions are decreased. This has been well described and discussed in 
Chapter 3. However, the presence of Er3+ has caused differences in the present 
materials. Firstly, emission from the Er3+ cations can be observed, which is not 
from a straight downconversion process and must involve the Tb3+ cations since 
the intensity is increasing with concentration yet no emission could be observed in 
Figure 5.11 (b) where the Er3+ concentration is much higher.   
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Figure 5.12 PL spectra of the Y2-xTbxO2S phosphors (where x varies from 0.001 
to 0.05) normalised to 545 nm (a) and 385 nm (b), respectively. Inset displays the 
blue/green ratio as a function of Tb3+ concentration. 
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Firm evidence for this is presented in figure 5.13, where blue emissions 
from Y1.9895Tb0.01Er0.0005O2S are stronger than those of Y1.989Tb0.01Er0.001O2S yet 
weaker than those of Y1.988Tb0.01Er0.002O2S. As stated above, we observed some 
extra emission bands at 525 nm, 528 nm, 535 nm and 554 nm, which could be 
attributed to 2H11/2→
4I15/2 of Er
3+ cations, with their intensities increasing with Er3+ 
cations concentration linearly. In figure 5.14 the order of intensity for the green 
emission at 550 nm is opposite to that of the blue: Y1.989Tb0.01Er0.001O2S is 
stronger than Y1.9895Tb0.01Er0.0005O2S which is itself stronger than 
Y1.988Tb0.01Er0.002O2S.  
It is worthy of note that the energy between 5D3→
7F5 of Tb
3+ and 
2H9/2→
4I15/2 of Er
3+ cations is very close. It is very likely that energy transfer takes 
place between Tb3+ and Er3+ cations. An electron in the ground state of Er3+ could 
absorb an emission photon from 5D3→
7F5 and pump itself to 
2H9/2 followed by a 
non-radiative relaxation to 2H11/2 then emit a photon. Such a process would rob 
intensity from the Tb3+ green emission and at the same time by effectively 
cancelling some of the Tb3+ cations the remaining unaffected Tb3+ cation 
concentration is “effectively” reduced. Hence the blue emission is stronger than 
expected for the Y2-y-xTbyErxO2S phosphors. Hence in the downconversion there 
is energy transfer between the Tb3+ and Er3+ cations. 
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Figure 5.13 PL emission spectra of Y2-y-xTbyErxO2S normalized to the green 545 
nm. 
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Figure 5.14 PL emission spectra of Y2-y-xTbyErxO2S normalised to the UV 385 nm. 
5.3.3 UC spectra for Tb3+ and Er3+ co-doped Gd2O2S phosphor 
To further understand the effect of the host lattice on the UC properties, 
Tb3+ and Er3+ co-doped Gd2O2S phosphors were prepared and their UC 
properties were characterised and studied. UC emission bands and relative 
intensities are presented in Figure 5.15 and Figure 5.16. Assignments are listed in 
Table 5.4. UC spectra of the Tb3+ and Er3+ co-doped Gd2O2S phosphors are 
similar to those of Y2O2S except for the emission bands at 440 nm of 
2H5/2→
4I15/2 
transitions. The emission band at 625 nm (16000 cm-1) corresponds to the 
Raman shift of Gd2O2S at 194 cm
-1 from the 632.8 nm (15803 cm-1) laser line, 
which could also be observed at the other side of the excitation line (not shown in 
the UC spectra, see Figure 5.17). The UC emission intensities for the Tb3+ and 
Er3+ co-doped Gd2O2S of varying composition are compared to each other using 
the intensity of the 625 nm emission band as a standard. 
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Table 5.4 Assignments of anti-Stokes and Stokes emission bands of 
Gd1.9895Tb0.01Er0.0005O2S. 
emission assignment 
emission bands range 
width of emission  
bands range 
nm cm-1 cm-1 
2H9/2→
4I15/2 ~408 to 418 ~24510 to 23923 587 
2H5/2→
4I15/2
 ~432 to 443 ~23148 to 22573 575 
4F5/2→
4I15/2 ~453 to 460 ~22075 to 21739 336 
4F7/2→
4I15/2 ~470 to 478 ~21276 to 20920 356 
 ~482 to 505 ~20747 to 19801 946 
2H11/2→
4I15/2 ~520 to 535 ~19230 to 18691 539 
4S3/2→
4I15/2 
~542 to 562 ~18450 to 17793 657 
~614 to 617 ~16287 to 16207 80 
4F9/2→
4I15/2 ~644 to 680 ~15528 to 14706 822 
4I9/2→
4I15/2 ~800 to 832 ~12500 to 12019 481 
4I11/2→
4I15/2 ~849 to 865 ~11778 to 11561 218 
 
The overlay of the anti-Stokes emission spectra of the Er3+ and Tb3+ co-
doped Gd2O2S samples in the range between 520 nm and 560 nm is illustrated in 
Figure 5.18. For the Gd2-x-yTbyErxO2S samples (where y=0.01, x=0.0005, 0.001, 
or 0.002), the emission intensities increase with Er3+ concentration while for the 
Gd2-x-yTbxEryO2S samples (where y=0.01, x=0.0005, 0.001, or 0.002), the 
emission intensities decrease with increased Tb3+ concentration. Liu et al [168] 
reported that Tb3+ ions work as acceptors/emitters by accepting indirect excitation 
energy through an adjacent Gd3+ super lattice on the 980 nm near-infrared 
excitation. However in our experiment no Tb3+ emission could be observed in the 
UC emission spectra, which could exclude the possibility of the energy transfer 
process between Gd3+ and Tb3+ or between Er3+ and Tb3+.  So the presence of 
Tb3+ virtually increases the Er-Er inter-ionic distance and suppresses the energy 
transfer process between Er3+ ion pairs. So this could suppress the cross-
relaxation effect of the Er3+ ions, yielding nearly linearly growth in UC emission 
intensity. It could also be regarded that it lowers the effective Er3+ concentration 
although the real concentration was kept the same.  
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Figure 5.15  Anti-Stokes emission spectra of Gd1.9895Tb0.01Er0.0005O2S. Intensities 
are shown in arbitrary units and cannot be compared to each other.  
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Figure 5.16 Anti-Stokes emission spectra of Gd1.9895Tb0.005Er0.01O2S. Intensities 
are shown in arbitrary units and cannot be compared to each other. 
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Figure 5.17 Raman spectrum of the Gd2O2S host crystals. 
The overlaid UC emission bands of Er3+ and Tb3+ co-doped Y2O2S and 
Gd2O2S show different trends as the dopant concentration is varied. This must be 
caused by the host cations. In contrast to Y3+, which is optically inactive, Gd3+ has 
energy states that lie close to the excited state of Er3+. There is a possibility that 
energy transfer can happen between two adjacent Gd3+ and Er3+ cations in the 
UC process, which means in Er3+ and Tb3+ co-doped Gd2O2S, Er
3+ can get 
certain energy compensation from the host crystals. Thus the UC emission 
intensities increase nearly linearly with Er3+ concentration. 
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Figure 5.18 Overlay of anti-Stokes emission spectra of the Er3+ and Tb3+ co-
doped Gd2O2S sample. 
5.4 UC investigation of Eu3+ doped Y2O2S and Gd2O2S 
SEM micrographs of Eu3+ doped Y2O2S and Gd2O2S fired at 900˚C are 
shown in Figure 5.19. All fired particles exhibited smooth surfaces and roughly 
spherical shapes. XRPD patterns showed good agreement with the literature 
reported hexagonal phases of Y2O2S and Gd2O2S, respectively.  
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Figure 5.19 SEM images of (a) Y2O2S:Eu
3+ and (b) Gd2O2S:Eu
3+ fired at 900˚C. 
Anti-Stokes and Stokes emission spectra of Y2O2S:Eu
3+ and Gd2O2S:Eu
3+ 
on the 632.8 nm excitation are shown in Figure 5.20. The assignments of the 
emission bands were made by comparing with the reported spectra in the 
literature [131]. It’s worth noting that there is no energy gap between the ground 
state and excited states of Eu3+ that is similar to that of a 632.8 nm photon, which 
means Eu3+ ions can’t be directly excited by the 632.8 nm laser. However, the 7F 
energy state could be thermally populated at room temperature. The population of 
the thermally excited electrons can be calculated from the Bolzmann equation, 
  
  
 
  
  
      
     
  
  
where, N is the number of electrons, g is the degeneracy of the energy 
levels, En-Em is the energy gap between the two energy levels, k is the 
Boltzmann’s  constant, T is the temperature. 
When the sum of the thermal energy and the energy of an incident 632.8 
nm photon is equal to bridge the 5D0 → 
7F0 energy gap, excitation to the 
5D0 
energy state could occur. This excitation process is responsible for the Stokes 
emission bands in the range of 640-900 nm. Also the excited Eu3+ could absorb 
another incident photon and be populated to higher energy states (ESA process), 
which is responsible for the anti-Stokes emission bands [131].    
 (a)  (b) 
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Figure 5.20 Anti-Stokes and Stokes emission spectra of Y2O2S:Eu
3+ and 
Gd2O2S:Eu
3+ under 632.8 nm red laser excitation. 
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5.5 Conclusions 
The following conclusions can be made from the work reported in this chapter: 
1. UC emissions from the Tb3+ and Er3+ co-doped Y2O2S and Gd2O2S 
nanometre-sized particles at varying doping concentration using 632.8 nm 
red laser as the excitation source were observed and studied.  
2. UC emissions can be assigned to transitions of Er3+ cations, no UC emission 
from Tb3+ can be observed under the red laser excitation. 
3. The intensities of UC emission were affected by both doping concentration 
and host lattices. For the Y2-x-yTbyErxO2S and Gd2-x-yTbyErxO2S samples 
(where y=0.01, x=0.0005, 0.001, or 0.002), the intensities of UC emissions 
increase with Er3+ concentration; for the Y2-x-yTbxEryO2S sample, when x 
was increased from 0.0005 to 0.001, the intensity was greatly enhanced 
while when x was increased on from 0.001 to 0.002, the UC emission 
intensity decreases with increasing Tb3+ concentration. For the Gd2-x-
yTbxEryO2S sample, the intensity decreases with increasing Tb
3+ 
concentration. 
4. For the Y2-x-yTbyErxO2S sample (where y=0.01, x=0.0005, 0.001, or 0.002), 
the presence of the Er3+ cations directly affects the Tb3+ down-converting 
properties by acting as centres for energy transfer. 
5. UC emissions were observed for the Y2O2S:Eu
3+ and Gd2O2S:Eu
3+ 
phosphors under the 632.8 nm red laser excitation. 
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Chapter 6 Luminescence investigation of the 
novel ZnS:Mn based QDs for new applications 
6.1 Introduction 
Quantum dots (QDs) are nanoscale semiconductor particles with sizes less 
than ~10 nm, which exhibit unique optical properties arising from quantum 
confinement. When the particle size corresponds to the regime of quantum 
confinement, the energy gap increases compared to bulk materials and splits up 
to discrete states.  In addition the thermodynamics of the QDs are usually heavily 
influenced by surface effects due to the large surface ratio to bulk size. For 
example, CdSe QDs exhibit size-dependent electronic band gap energies  [277, 
278] and CdS QDs reduces the melting temperature with decreasing particle size 
[189, 279]. Mn doped ZnS nanocrystals have been reported to show a size-
induced solid-solid phase transition temperature reduction [190].  
Although QDs could be prepared by a variety of physical and chemical 
process, such as molecular beam epitaxy (MBE) [280, 281] and metal-organic 
chemical vapor deposition (MOCVD) [281], the colloidal chemical synthesis has 
proved to be a more convenient approach to fabricate QDs; especially when 
considering the relatively low-cost and easy introduction of doping elements the 
method offers [194, 202, 282-284]. Mechanisms and factors contributing to 
particle size and morphology have been extensively studied, further details can 
be found in reference [191].  
Their exclusive optical and electrical properties have led to QDs finding 
applications in a variety of fields including biological imaging and sensing [170, 
285-287], solar cells [221, 240, 288-299], lighting devices and displays [11, 185, 
226, 230, 231, 233, 235, 236, 239, 241, 244, 300-304]. Compared to other display 
technologies, QD-based displays have advantages such as fast response time, 
narrow emission bands, exquisite colour purities, high luminescence efficiency, 
low energy consumption, and relatively easy approach to scale-up products 
compared to organic light-emitting diodes (OLEDs).   
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Over the last five years, demand has grown for phosphor powders that can 
be used to achieve improved resolution and efficiency in converting blue LED light 
to other colors for backlighting applications in, for instance, LED backlit LCD 
displays. Recently, CdSe quantum dots have been used as the phosphors for 
such displays [235]. We anticipate similar demand in the future for conversion of 
UV LED light into visible wavelengths.  
ZnS:Mn nanocrystals emit orange light and may soon  find applications in 
lighting by converting UV LED light into the visible region of the electromagnetic 
spectrum. The orange emission from the 4T1 — 
6A1 transition of Mn
2+ has been 
extensively studied. Bhargava et al [194] reported the luminescence 
enhancement and life shortening of Mn2+ emissions from microsecond in bulk to 
nanosecond in ZnS:Mn nanocrystals. The high external quantum efficiency 
(~18%) was suggested to be a direct consequence of fast energy transfer of 
excited electron-hole pairs into the Mn2+ impurity and a subsequent efficient and 
fast radiative recombination, which resulted from the high-degree of hybridization 
of the s-p states of the ZnS host and the d states of the Mn2+ dopant [194].   
As part of a program of research to incorporate phosphor materials into 
LEDs based on Photonic Crystals (PC) we prepared ZnS:Mn quantum dots (QDs). 
The PC was constructed by etching nanometer sized holes within the LED layers. 
The presence of the photonic crystal grown through the LED layers (buried 
photonic crystals) causes increased efficiency by enhancing light extraction. The 
aim of the work was to show that the quantum dots could be incorporated into the 
PC holes in the LED. The long term goal of the program is to use nanophosphors 
(NP)/quantum dots (QD) for colour conversion when they are incorporated into 
the PC holes in the LED. It has been reported that the structure facilitates non-
radiative energy transfer of excitons if the NPQDs and the quantum wells (QWs) 
are in close proximity [238] resulting in an increase in NPQD emission. However it 
requires the NPQDs to be sub-surface in the holes of the buried photonic crystal 
[236]. It is envisaged that such structures could be used to produce white light 
very efficiently, but control of the filling of the holes is very important. 
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6.2 Crystallography analysis and morphological studies 
Figure 6.1 shows TEM images of the ZnS:Mn QDs. It could be seen in the 
TEM images that the QD particles are aggregated when removed from solution 
with an average particle size of 20 nm (i.e. more than 200 times smaller in 
diameter than the commercially available material).  Moreover, X-ray powder 
diffraction (XRPD) data (see Figure 6.2) indicate a mean crystal size of 3.3(1) nm 
for this material which is in good agreement with the values measured by TEM 
observation. In addition the calculated crystallites size data obtained from TOPAS 
software are slightly smaller than the 3.5 nm particles prepared using the same 
method previously reported by Dinsmore et al [213]. 
 
Figure 6.1 TEM images of ZnS:Mn QDs. 
XRPD patterns obtained from the ZnS:Mn phosphor showed good 
agreement with the published zinc-blende ZnS structure, although the cell size is 
different in agreement with the previous study; it fits best to a tetragonally 
distorted cubic structure (a = 5.4208(82)Å, c = 5.326(25)Å). The cell size is also 
slightly larger than that of the slightly larger particles reported previously in 
reference [213]. 
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Figure 6.2 XRPD pattern of ZnS:Mn QDs. The red line indicates the fitting using 
TOPAS software. 
6.3 Optical properties of ZnS:Mn QDs 
The luminescent properties of ZnS:Mn QDs were measured using a Horiba 
Yobin Yvon Flurolog spectroflurometer. Figure 6.3 shows the photoluminescence 
excitation (PLE) and photoluminescence emission (PL) spectra of ZnS:Mn QDs. 
In the PLE spectrum the maximum is at 327 nm while in the PL spectrum the 
maximum at 587 nm, which is close to the bulk value of 590 nm from the 4T1 — 
6A1 transition of Mn
2+. These findings are similar to those in the literature [213], 
indicating the particle size doesn’t significantly affect the emission wavelength. 
The PLE spectrum of ZnS:Mn QDs is asymmetric [238], and is different from the 
symmetric one of the bulk material [213]. Small blue shifts were observed in both 
excitation and emission spectra due to quantum confinement effects. 
This asymmetry is on the blue side and spans the wavelength range of 
those shown previously [213]. The greater asymmetry recorded in the present 
work may be due to the average crystallite size being a little smaller. The blue 
shift has been attributed to the quantum confinement effect which increases the 
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band gap energy [193, 194, 213, 305, 306]. It has been suggested that the blue 
shift may be associated with distortion of the ZnS lattice [213]. 
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Figure 6.3 PLE (a) and PL (b) spectra of ZnS:Mn QDs. 
The Raman spectra of ZnS:Mn QDs was characterised with a HORIBA 
JOBIN YVON LabRAM HR800 spectrometer using 632.8 nm red laser as exciting 
source. The Raman spectrum of the nanometre sized particles is presented in 
Figure 6.4. The Raman bands at 262 cm-1 and 345 cm-1 come close to bands 
reported at 271 and 352 cm-1 for bulk cubic ZnS, which were assigned to 
transverse optical (TO) and longitudinal optical (LO) Zn-S phonons of the cubic 
phase ZnS:Mn QDs, respectively [307].  Raman bands at 417 cm-1 and 658 cm-1 
are assigned to the C-C-O bending and O-C=O bending vibration, respectively, 
indicating there are still residual surfactant AOT present in the samples after 
washing.  
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Figure 6.4 Raman shift of ZnS:Mn QDs. 
6.4 Embedding ZnS:Mn QDs into GaN LED-based on PCs 
The PCs used in this work were provided by our collaborators at University 
of Bath. The PCs were prepared by etching nanometre sized holes within the LED 
layers, which were grown on a sapphire substrate. Figure 6.5 shows TEM images 
of side views of the GaN based PC samples. Figure 6.5 (top) shows side views of 
nanometre sized PC columns grown into a GaN substrate and also presents a 
side view (Figure 6.5 bottom) of a buried PC in an LED crystal in the form of 
nanometre sized holes. The presence of the photonic crystal grown through the 
LED layers (buried photonic crystals) causes increased efficiency by enhancing 
light extraction. The aim of this work was to show that the quantum dots could be 
incorporated into the PC holes in the LED. It has been reported that the structure 
facilitates non-radiative energy transfer of excitons if the NPQDs and the quantum 
wells (QWs) are in close proximity [238] resulting in enhancement in NPQD 
emission. However, it requires the NPQDs to be sub-surface in the holes of the 
buried photonic crystal [236]. 
A typical section of such a PC crystal formed from holes in a GaN structure 
on a sapphire substrate is presented in Figure 6.6. The section exhibits a nano-
imprinted photonic quasi-crystal (PQC) having a pore radius of ca. 200 nm and a 
depth of ca. 1.4 μm. The pores have irregular openings and roughened side-walls. 
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To smooth the side-walls it was necessary to etch with 1 M KOH at 80 °C for 10 
minutes. 
The ZnS: Mn QDs were introduced into the PC holes by drop casting. The 
holes in the GaN grown on a sapphire substrate and partially filled with ZnS: Mn 
nanometre sized particles are shown in Figure 6.7. The factors affecting the filling 
rate of the holes were also investigated. 
 
Figure 6.5 TEM images of nanometre sized column holes in GaN wafer (top) and 
nanometre sized holes of buried photonic crystals (bottom). Nanometre sized 
columns and holes were indicated with arrows. 
Nanocolumns 
Nanoholes 
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Figure 6.6 Typical PC structures made up of holes in GaN grown on a sapphire 
substrate. 
 
Figure 6.7 Holes in GaN grown on a sapphire substrate partially filled with 
ZnS:Mn QDs. 
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6.5 Luminescent properties of Zn1-xCdxS:Mn QDs  
Zn1-xCdxS:Mn QDs were prepared using a similar method to that previously 
described by Dinsmore et al [213]. In this preparation method, the particles size is 
determined by the aqueous pore formed in the bicontinuous cubic phase (BCP), 
which is determined by the AOT/water/Na2S ratio [249]. Thus it’s reasonable to 
assume that the Zn1-xCdxS:Mn QDs of different chemical composition possess 
approximately the same size in our experiments. This assumption was supported 
by the TEM observations. Typical TEM images of the Zn1-xCdxS:Mn QDs are 
presented in Figure 6.8. The sizes of all the Zn1-xCdxS:Mn QDs are similar to each 
other with a diameter of ~5 nm, smaller than the ZnS:Mn QDs prepared using a 
similar method [213].   
 
Figure 6.8 Typical TEM images of Zn1-xCdxS:Mn QDs. 
XRPD data for all the QDs samples were collected from 20 ˚ to 65 ˚ (2θ) for 
6 h in the step scan mode since the diffracted intensities from such small 
nanocrystallites are generally weak. Figure 6.9 presents the XRPD patterns for all 
the Zn1-xCdxS: Mn QDs samples. It is clear that the diffraction peaks of the QDs 
gradually shift to lower 2θ degrees as the Cd concentration increases the QDs. 
This observation is consistent with previous reports [308-310]. According to 
Bragg’s law: 
nλ= 2d sin θ, 
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where n is an integer determined by the order given, and λ is the wavelength, one 
can easily conclude that the d value increases with the Cd concentration in the 
QDs. This is reasonable as Cd2+ cations (109 pm) have a larger atomic radius 
than Zn2+ cations (88 pm). It has also been suggested that the phase transition 
from the zinc-blende (ZnS) structure to the wurtzite (CdS) structure has a 
contribution to this gradual shift [309, 310]. Furthermore, this continuous peak 
shifting of the QDs eliminates the possibility of phase separation or separated 
nucleation of CdS or ZnS nanocrystals in the Zn1-xCdxS:Mn QDs. 
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Figure 6.9 XRPD patterns of the Zn1-xCdxS:Mn QDs. 
The PLE and PL spectra of the Zn1-xCdxS:Mn QDs with various Cd mole 
fractions are shown in Figure 6.10 and Figure 6.11. The intensities of the QDs are 
shown in arbitrary units and can’t be compared to each other. For the ZnS:Mn 
QDs, the PLE spectra maximum value is at about 327 nm. For the Zn1-xCdxS:Mn 
QDs, the PLE maximum value gradually shifts from about 345 nm to 410 nm as 
the Cd mole fraction increases from 0.2 to 0.8. When the Cd concentration 
increases on from 0.9 to 1, the PLE maximum value shows no change but the 
PLE spectra become more asymmetrical. The PL emission spectra of all the Zn1-
xCdxS:Mn QDs are more or less the same. All exhibit the characteristic broad 
orange emission from the 4T1 - 
6A1 transition of Mn
2+.  
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To further understand how the addition of Cd cations affects the 
luminescent properties of the resulted QDs, the maxima for both PLE and PL 
spectra were plotted against the Cd mole ratio in the Zn1-xCdxS:Mn compounds 
(see Figure 6.12). The PLE maximum shifts linearly towards lower energies as 
the Cd concentration is increased from 0 to 0.8 and then forms a plateau and 
even reversely shifts as the Cd concentration is increased up to 1. A similar trend 
can be observed for the PL spectra although the shift occurs in a relatively narrow 
range (roughly 10 nm), which is almost negligible compared to the full width at 
half maximum (around 65 nm).   
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Figure 6.10 PLE spectra of the Zn1-xCdxS:Mn QDs. The intensities are shown in 
arbitrary units and cannot be compared to each other. 
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Figure 6.11 PL spectra of the Zn1-xCdxS:Mn QDs. The intensities are shown in 
arbitrary units and cannot be compared to each other. 
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Figure 6.12 Plot of the λ maxima for PLE and PL spectra against the Cd 
concentration in the Zn1-xCdxS:Mn QDs. 
The red-shifts of the PLE peaks resulting from the addition of Cd in the Zn1-
xCdxS:Mn QDs yield a better overlap of the excitation spectra of these 
nanocrystals and the emission spectra of near-UV or blue LED. This property 
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makes the Zn1-xCdxS:Mn QDs a promising candidate as light converter for near-
UV or blue LED and might lead to a cheaper approach to white lighting [195, 239]. 
Raman spectroscopy was used to investigate the surface structures of the 
Zn1-xCdxS:Mn QDs. An infrared laser of 1064 nm wavelength was applied as the 
excitation source to eliminate possible interference from luminescent emissions. 
Figure 6.13 shows the Raman spectra of the Zn1-xCdxS:Mn QDs obtained at room 
temperature. The Raman bands at 262 cm-1 and 345 cm-1 were assigned to 
transverse optical (TO) and longitudinal optical (LO) Zn-S phonons of cubic phase 
ZnS:Mn QDs. These peaks gradually shift towards lower Raman shift values as 
the Cd concentration increases from 0 to 1. This must result from the phase 
transition from the zinc-blende structure of ZnS:Mn to the wurtzite structure of 
CdS:Mn as a direct consequence of the larger atomic radius of Cd2+ cations 
compared to the Zn2+ cations. Raman bands at 417 cm-1 and 658 cm-1 assigned 
to the C-C-O bending and O-C=O bending vibration could also be observed, 
indicating the presence of residual surfactant. It has been suggested that the 
polymerization of the surfactant could lead to a better surface passivation and 
enhance the luminescent efficiency of the ZnS:Mn nanocrystals [194]. We believe 
the residual surfactant here may affect the Zn1-xCdxS:Mn QDs in a similar way. 
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Figure 6.13 Raman spectra of the Zn1-xCdxS:Mn QDs. 
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6.6 Results and discussions of the PbS QDs  
Monodisperse PbS QDs were obtained using a similar method to that 
reported by Yang et al [249], as shown in the TEM images in Figure 6.14. The 
particle size from the TEM observation is ~5nm. Lattice fringes could be seen in 
the high-resolution TEM image, indicating good crystallinity. An amorphous layer 
can be seen in the high-resolution TEM image, indicating the presence of residual 
surfactant, and further evidence for this is found in the FT-IR spectrum. XRPD 
samples were prepared by evaporating the solvent of several droplets of the PbS 
suspension in methanol on a clean Si substrate. The XRPD data indicates that 
the PbS QDs exhibit the rock salt structure. 
  
  
Figure 6.14 TEM images of the PbS QDs.  
amorphous layer 
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FTIR was used to investigate the structure of the PbS QDs. It’s worth 
noting that the Pb-S bond is mainly a electrovalent bond so bands associated with 
Pb-S stretching and bending vibrations in the FTIR spectra of the samples 
containing PbS QDs are generally very weak [311]. Figure 6.15 shows the FTIR 
spectrum of the PbS QDs together with the FTIR spectrum of the residual 
methanol solvent. The broad peak at 3305 cm-1, and the narrower ones at  1118 
cm-1, and 1017 cm-1 are attributed to the vibration of the –OH groups [311], C-O 
groups and –CH3 groups [312], respectively. The asymmetric and symmetric 
stretching vibration of CH2 at 2942 cm
-1 and 2828 cm-1 are also observed [313]. 
The absorption peak at 1430 cm-1 is attributed to the deformation vibration of a 
CH2- group [314]. All these peaks slightly shift towards higher frequencies in the 
presence of PbS QDs, which is consistent with the previous observation by 
Bakshi et al [315]. Two weak peaks at 861 cm-1 and 1189 cm-1 indicate the 
presence of PbS [313-315], which may arise from the interaction between Pb and 
–SO3
- group from the surfactant. 
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Figure 6.15 FTIR spectra of the PbS QDs and the methanol solvent. * indicates 
the presence of PbS QDs. 
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6.7 Conclusions 
The main conclusions are: 
1. The ZnS:Mn QDs were prepared and successfully incorporated into the 
holes of GaN LED based PCs. The cell size of the ZnS:Mn QDs was slightly 
larger and the particle size was about 6% smaller than previously published 
data. 
2. The Zn1-xCdxS:Mn QDs exhibit red shift in the PLE spectra with the addition 
of Cd cations. The crystal structures and surface properties were also 
affected. The red shifts in the PLE spectra expand the overlap between the 
excitation spectra and the emission spectra from blue LED, which is an 
advantage for white lighting applications. 
3. Monodisperse PbS QDs with particles size of ~5 nm were obtained. The 
characteristic weak absorption peak from interaction between PbS QDs and 
the residual surfactant could be observed in the FTIR spectra. In our 
experiment no PL spectra of the PbS QDs can be observed, which may 
result from the strong trapping effect of the SO3 group.  
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Chapter 7 Conclusions and suggestions for 
future work 
7.1 Conclusions from downconversion studies 
Trivalent rare earth cation (RE3+) activated nanometre-sized oxysulfide 
phosphor particles were prepared by converting the precursor powders at high 
temperatures in a furnace. The precursor powders were prepared using urea 
precipitation method. Characteristic emission spectra of RE3+ (RE=Dy, Pr, Tb) 
cations were observed. Doping concentration for Y2O2S:Dy
3+ and Y2O2S:Pr
3+ 
were optimised at 1 mol% and 0.1 mol%. The results from Y2O2S:Dy
3+ studies 
have been interpreted to indicate that Y2O2S:Dy
3+ is a promising candidate for 
UV-based white lighting devices. 
It has been found that the luminescent properties of Tb3+ are strongly 
affected by both doping concentration and host crystals. 5D3-
5D4 cross relaxation 
processes between two adjacent Tb3+ cation pairs were observed in both 
Y2O2S:Tb
3+ and Gd2O2S:Tb
3+. The intensity of the blue emissions from the 5D3 → 
7FJ (J= 6, 5, 4, 3) transitions decreases while the intensity of the green emissions 
from the 5D4 →  
7FJ transitions increases spontaneously with increased Tb
3+ 
concentration, leading to a linear growth in both the x and the y colour 
coordinates. This indicates that the emission colour of Tb3+ is tuneable by varying 
the doping concentration.  
 The emission colour of Y2O2S:Tb
3+ and Gd2O2S:Tb
3+ at low doping 
concentration (0.1%) is determined by the relative position of the charge transfer 
state (CTS) of the host crystals. The bottom of the CTS in Gd2O2S lies close to 
the 5D3 energy level of Tb
3+, and electrons in the 5D3 energy level could non-
radiatively relax to the 5D4 energy level through thermal quenching, leading to a 
reduction of the electron population in the 5D3 energy level. Thus the green 
emissions arising from the 5D4 → 
7FJ (J= 6, 5, 4, 3) transitions are predominant in 
the spectra for the 0.1% Tb3+ activated Gd2O2S phosphors. 
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The firing temperature can also influence the luminescent properties of the 
resulting phosphors. For the Gd2O2S:Pr
3+ and the Gd2O2S:Tb
3+ samples, the 
intensities of the emission bands from samples fired at 1100˚C are about twice as 
high as those of the emission bands from samples fired at 900˚C. This is 
achieved by reducing the number of crystal surface defects. The latter act as non-
radiative recombination sites in the phosphors. 
7.2 Conclusions from upconversion studies 
UC emission spectra from the Tb3+ and Er3+ co-doped Y2O2S and Gd2O2S 
nanometre-sized particles at varying doping concentration using 632.8 nm red 
laser as the excitation source have been observed and studied. The UC 
emissions can be assigned to transitions of Er3+ cations, no UC emission from 
Tb3+ was observed under the red laser excitation. 
The intensities of UC emission were affected by both doping concentration 
and host lattices. For the Y2-x-yTbyErxO2S and Gd2-x-yTbyErxO2S samples (where 
y=0.01, x=0.0005, 0.001, or 0.002), the intensities of UC emissions increase with 
Er3+ concentration; for the Y2-x-yTbxEryO2S sample, when x was increased from 
0.0005 to 0.001, the intensity was greatly enhanced while when x was increased 
on from 0.001 to 0.002, the UC emission intensity decreases with increasing Tb3+ 
concentration. For the Gd2-x-yTbxEryO2S sample, the intensity decreases with 
increasing Tb3+ concentration.  
In contrast to Y3+, which is optically inactive, Gd3+ has energy states that lie 
close to the excited state of Er3+. There is a possibility that energy transfer 
process can happen between two adjacent Gd3+ and Er3+ cations in the UC 
process, which means in Er3+ and Tb3+ co-doped Gd2O2S, Er
3+ can benefit from 
energy compensation from the Gd3+ in the host crystals. Thus the UC emission 
intensities increase nearly linearly with Er3+ concentration. 
For the Y2-x-yTbyErxO2S sample (where y=0.01, x=0.0005, 0.001, or 0.002), 
the presence of the Er3+ cations directly affects the Tb3+ down-converting 
properties by acting as centres for energy transfer. Furthermore, these phosphors 
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exhibit both UC and down conversion luminescence and may find applications in 
security and anti-counterfeiting field for the high concealment. 
7.3 Conclusions from quantum dots studies 
ZnS:Mn QDs were prepared using an aqueous reaction method. The cell 
size of the ZnS:Mn QDs was slightly larger and the particle size was about 6% 
smaller than previously published data. Furthermore, the ZnS:Mn QDs were 
successfully incorporated into the nano-holes of GaN LED based photonic 
crystals by drop casting. Using this approach and the correct mixtures of QDs it 
should be possible to use RGB mixing for white light. 
The aqueous reaction method was employed to prepare Zn1-xCdxS:Mn 
QDs and monodisperse PbS QDs. The Zn1-xCdxS:Mn QDs exhibit a red shift in 
the PLE spectra with the addition of Cd cations. The crystal structures and 
surface properties were also affected. The red shifts in the PLE spectra expand 
the overlap between the excitation spectra and the emission spectra from blue 
LED, which is an advantage for white lighting applications. The monodisperse 
PbS QDs have particles size of ~5 nm. A characteristic weak adsorption peak 
could be observed in the FTIR spectra. 
7.4 Future work 
White-light LEDs have been considered suitable light source for homes 
and offices due to their numerous advantages (such as high efficiency, small size, 
fast switching and long operating lifetime) over conventional incandescent light 
bubbles and fluorescent lamps. Impressive progress has been achieved in the 
last two decades in the terms of energy conversion efficiency and emission colour 
quality. However, it is still a challenge to produce warm white light with low colour 
temperature together with high colour rendering. Future work leading on from this 
thesis could be directed to the discovery of high-performance conversion 
phosphors for blue and near UV LEDs.  
In this thesis, the ZnS:Mn and Zn1-xCdxS:Mn QDs have been investigated 
for potential applications as conversion phosphors for white-light LEDs. The 
excitation spectra of the Zn1-xCdxS:Mn QDs have shown good overlap with the 
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emission spectra of the blue LED, indicating the Zn1-xCdxS:Mn QDs a promising 
candidate for these applications. However, cadmium is a well-known highly toxic 
component and any potential release is considerably harmful to the environment 
and mankind. Future work could be carried out on the discovery of non-toxic, 
cadmium-free nanocrystals, such as ZnSe and ZnO QDs. 
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